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Foreword 


For  stsccess&l  opax^osi,  2I  manned  '^ing  sfSteiDS,  suboe^des,  and  kvpedmic  dtac^ezs  le- 
q:^  pctssme-stsszam  xismptms^  These  'iewpoas  zSome  the  peiscoael  insde  she  ^iag  aad  shv- 
aeraSdes  to  obserte  the  eaiirontBcg  ootsde  the  pressure-resiszam  isi3s.  In  adadoa,  cn  land,  opeta- 
tass  cf  inpeshajic  chambeis  can  cbsave  the  behavior  of  paiieaas  or  dsvers  irndeggreag  bfpesbesic 
ueztesem  fegsde  the  chambets. 


Snce  the  viespcmsTixin  a  pan.  of  the  psessme-resstant  eznelope,  thsjr'imist  meet  or  swpass  the 
safetj*  cnterla  used  lor  desgnins  eaher  the  mrtalBr  or  jpbsac  cta^sosae  pressure  emekme.  The 
ASME  BoSer  and  Pressure  Vessel  Cdde  Secdoa  8  provides  sudi  desi^  citena,  and  ihe  chambeisf 
pressure  hutls  dessned  on  their  basis  have  generated  an  unexcelled  safi^'  record. 


The  vieapons,  because  of  the  unique  smioural  properties  of  the  acrylic  plasdc  used  in  construct¬ 
ing  the  windosTS,  could  not  be  designed  according  to  the  same  criteria  as  for  the  pressure  envelopes 
fabricated  of  metalHc  or  plastic  compos  matenals.  To  preclude  potential  catastrcmhic  failures  of 
vdndoas  desoied  on  the  basis  of  inadequate  data,  in  1965,  the  U.S.  Navy  initiated  a  window  testing 
promm  at  the  Naval  Gvil  Endneering  Laboratory  and  the  Naval  Ocean  Systems  Center.  Under  this 
program,  window  testing  was  conducted  tindl  1975. 

The  objecth’e  of  the  window'  testing  program  was  to  generate  test  data  concerning  the  structural 
performance  of  acryiic-plasnc  windows  fabricated  in  different  shapes,  sizes,  and  thicknesses.  Candi¬ 
dates  for  investigation  included  the  effect  of  major  design  parameters,  like  the  thickness  to  diameter 
ratio,  bevel  an^e  of  bearing  surfaces,  and  the  rado  of  window  diameter  to  seat-c^ning  diameter  on 
the  structural  performance  of  the  windows;  and  emjMtical  relationships  were  to  be  formulated  between 
these  variables  and  the  critical  pressures  at  wluch  windows  fail.  To  make  the  test  results  realistic,  the 
test  conditions  were  varied  to  simulate  the  in-service  environment  that  the  windows  were  to  be  sub¬ 
jected.  Thus,  during  testing,  the  windows  were  subjected  not  only  to  short-term  pressurization  at 
room  temperature,  but  also  to  long-term  sustained  and  repeated  pressurization  at  different  ambient 
temperatures. 

On  the  basis  of  these  data,  empirical  relationships  were  formulated  between  design  parameters  and 
test  conditions.  Committees  in  the  Pressure  Technology  Codes  of  the  American  Sodeiy  of  Mechani¬ 
cal  Engineers  subsequently  incorporated  these  relationships  into  the  Safety  Standard  for  Pressure  Ves¬ 
sels  for  Human  Occupancy  (ASME  PVHO-1  Safety  Standard).  Since  that  time,  this  ASME  Safety 
Standard  has  formed  the  basis  —  worldwide  —  for  designing  acrylic  windows  in  pressure  chambers  for 
human  occupancy.  Their  performance  record  is  excellent;  since  the  publication  of  the  Safety  Stan¬ 
dard  in  1977,  no  catasuophic  failures  have  been  recorded  that  resulted  in  personal  injury. 

The  data  generated  by  the  Navy’s  window  testing  program  were  ori^ally  disseminated  in  technical 
reports  of  the  Naval  Civil  Engineering  Laboratory  and  the  Naval  Ocean  Systems  Center,  and  were 
made  available  to  the  general  public  through  the  Defense  Technical  Infoimation  Center.  To  facilitate 
distribution  of  these  data  to  users  inside  and  outside  of  the  Department  of  Defense,  the  technical  re¬ 
ports  have  been  collected  and  are  being  reissued  as  volumes  of  the  U.S.  Navy  Ocean  Engineering 
Studies. 


These  ■woauaies;  contagang  she  coBeced  ledcacal  rqions  on  pressege-matant.  piasac  w3idio«5.  iriH 
be  ia  tedmkal  fisaiies  of  X»ai  labonraries  aod  umtcxsasus  ocean  ez^aeencs  pco- 

pisas.  Tia  fSssessnaaoa  of  coBeaed  dsia  sboukl  gpiincan%  ledace  the  eSTtst  ccrsnesa^  bci%  ex- 
pended  Iqr  gtidctgs,  enth^ceis,  sr:en(stt  m  iheir  search  for  data  disposed  acKM%  !be  ssanr  ^ 
pons  pubSdted  over  a  lO-vear  peiiod  sevesal  Xaval  acimdes. 

^'^Vohsme  JV  of  ibe  Ocean  Fnpneeriag  Seiies  is  a  coinpilaaoo  cf  four  lechnical  repons  that  focus 
on  ibe  ssmctmal  petfcsniance  of  ao^  windows,  dipped  as  conical  huaums,  under  long-tenn  pres- 
smizanoo.  The  defcsrsadon  and  czadc  initiaiioQ  are  noted  and  recocded  as  a  functioa  of  pressure 
S3ap±nde  and  duranan  of  loading  The  pressure  and  duraiioa  of  loatSos  described  in  ibe  rqxKis 
app^''  direct^-to  comcal  fiussum  windows  of  anf  sze,  with  an  identical  tWi  ratio;  while  the  displace- 
nsems  be  mcb^lied  hjf  a  scale  factor  based  on  the  ratio  of  minm-  diameteis  on  the  test  and  op- 
eiarional  windows.  .. 
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ABSTRACT 

Conical  acrylic  windows  of  30-,  60-,  90-,  120-,  and  150-degree  included 
angles  have  been  subjected  In  their  mounting  flanges  to  20.0Q0  psi  of  hydro¬ 
static  pressure  for  up  to  1,000  hours  in  the  32°F-to-75°F  temperature  range. 
The  displacements  of  the  windows  through  the  flange  mounting  have  been 
recorded  and  are  graphically  presented  as  a  function  of  time,  temperature, 
conical  angle,  and  thickness-to-diameter  ratio  for  the  ready  reference  of  the 
designer.  A  detailed  study  has  also  been  made  of  the  types  of  failure  and  of 
the  dimensional  and  structural  parameters  that  must  be  considered  in  the 
design  of  safe,  operationally  acceptable  w'Indows  for  long-term  service  under 
hydrostatic  pressure  of  20,000  psi. 

The  test  results  indicate  that  a  minimum. thickness  to  .minor  diameter 
ratio  of  2  and  an  included  conical  angle  of  90  degrees  or  larger  is  required  to 
provide  safe  and  optically  acceptable  windows  for  long-term  sustained  pressure 
loadings  of  20,000  psi. 
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INTRODUCTION 


Previous  studio  on  acrylic  windows  at  the  Naval  Civil  Engineering 
Laboratory^'^  have  shown  that  the  short-term  critical  pressure  of  conical 
acrylic  windows  for  deep-submergence  applications  is  a  function  of  their 
temperature,  conical  angle,  as  well  as  their  thickness-to-minor-dlameter 
ratio  (hereafter  referred  to  as  t/D  ratio).  No  effort  has  been  made  to 
determine  what  influence  the  duration  of  pressure  loading  has  on  the 
critical  pressure  of  acrylic  windows,  although  there  have  been  indications 
that  acrylic  windows  will  fail  when  subjected  to  lower  hydrostatic  pressure 
for  long  periods  of  time.  ■ 

Since  ocean  bottom  structures  equipped  with  acrylic  windov«/s  will 
be  subjected  to  hydrostatic  pressure  for  long  periods,  it  is  important  to 
generate  design  criteria  that  will  permit  the  design  of  safe  windows  for  long¬ 
term  submergence.  These  criteria  are  also  important  in  the  design  of  windows 
for  internal  pressure  vessels  (Figure  1)  in  which  long-term  hydrostatic  tests 
are  performed.  It  was  to  generate  such  design  data  that  the  present  study 
was  conducted. 

The  objective  of  the  study  was  to  determine  the  following  experi¬ 
mentally  for  conical  acrylic  windows  under  20,000-psi  hydrostatic  loading: 

1.  The  effect  of  loading  duration  on  the  initiation  and  propagation  of  cracks 
and  fracture  planes  in  windows  of  different  t/D  ratios  and  angles. 

2.  The  effect  of  loading  duration  on  the  magnitude  and  rate  of  axial 
displacement  as  well  as  plastic  deformation  of  low-  and  high-pressure  faces 
of  windows  with  different  t/D  ratios,  and  conical  angles. 

3.  The  effect  of  temperature  on  time-dependent  displacement. 

4.  The  dimensions  required  for  windows  of  different  conical  angles  that  are 
to  serve  as  optically  acceptable  windows  for  a  minimum  of  1 ,000  hours  of 
service  under  20,000-psi  hydrostatic  pressure. 

The  objectives  of  the  study  were  to  be  met  by  pressurizing  to  20,000 
psi  a  series  of  small-scale  conical  acrylic  windows  with  30-,  60-,  90-,  120-, 
and  150-degree  angles  and  0.75  <  t/D  <  2.0  ratios;  that  pressure  would  be 
maintained  for  up  to  1 ,000  hours  while  the  displacements  of  the  windows 
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and  crack  growth  in  the  acrylic  were  noted.  It  was  clearly  understood  that 
some  of  the  windows  would  be  ejected  in  less  than  1 ,000  hours,  while  others 
would  still  be  serviceable  after  this  period.  Empirical  relationships  between 
the  structural  behavior  of  the  window,  duration  of  hydrostatic  loading,  and 
dimensional  parameters  could  be  established  by  comparing  the  magnitude  of 
displacement,  time  of  crack  initiation,  rate  of  crack  propagation,  or  time  to 
catastrophic  failure  at  different  temperatures  for  windows  of  different  conical 
angles  and  t/D  ratios.  In  addition  the  influence  of  temperature  on  the  behavior 
of  the  acrylic  under  long-term;loading  could  be  determined.  For  some  win¬ 
dow  t/D  ratios  that  have  been  tested  previously  under  short-term  loading,  a 
measure  of  strength  degradation  could  be  obtained  by  comparing  the  r  short¬ 
term  critical  pressure  to  duration  of  loading  prior  to  failure  at  20,000  psi. 
Furthermore,  by  extrapolating  the  displacements  of  windows  that  withstood 
1,000-hour  pressurization,  a  reasonable  prediction  can  be  made  on  their 
displacement  at  a  duration  of  pressure  loading  longer  than  1 ,000  hours. 


Figure  1.  Window  installed  in  end  closure  of  18-inch  (inside  diameter)  pressure 
vessel  for  observation  of  test  specimens. 
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TEST  SPECIMENS 

More  than  IBOitnodel  conical  acrylic  windows  of  1-inch  minor 
diameter  (Figure  2),  machined  from  commercial  Plexiglas  G  grade  acrylic 
plate  stock  served  as  test  specimens.  The  test  plan  is  shown  in  Table  1 . 

The  thickness-to-diameter  ratio  of  these  windows  varied  from  0.75  to  2.0, 
while  the  conical  angle  ranged  from  30  degrees  to  150  degrees  in  30  degree 
intervals.  For  each  thickness-to-diameter  ratio  and  conical  angle,  at  least 
five  specimens  were  to  be  tested.  The  range  of  data  from  these  tests  would 
permit  the  designer  utilizing  this  data  to  judge  the  repeatability  of  window 
behavior  and  specify  the  appropriate  safety  factor  accordingly.  The  model 
window  test  specimens  were  made  to  fit  the  window-mounting  flanges  used 
in  the  previous  study  for  tiie  determination  of  critical  pressure  of  v/indows 
under  short-term  pressure  loading.  For  this  reason,  the  minor  diameter  of 
the  window  (Figure  3)  was  selected  to  be  1  inch  with  a  plus  or  minus  0.005- 
inch  tolerance  on  the  diameter.  The  conical  angle  of  the  windows  was  held 
to  a  tolerance  of  plus  or  minus  15  minutes.  The  actual  thickness  of  the 
windows,  which  was  the  same  as  that  of  commercially  supplied  acrylic  plates 
with  standard  manufacturing  thickness  tolerance,  differed  considerably  from 
their  nominal  thickness.  By  utilizing  the  full  thickness  of  respective  acrylic 
plates,  no  machining  and  subsequent  polishing  was  required  on  most  of  the 
windows'  light-transmitting  surfaces.  The  conical  bearing  surfaces,  machined 
to  a  32-rms  finish,  when  covered  with  grease  sealed  the  windows  in  the  flange. 
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D  =  1 .0;  tolerance  »  ±0.005 
t  »  nominal  3/4, 7/8, 1, 1>1/4, 1-1/2, 1-3/4,  and  ,2 
(manufacturer’s  plate  thickness  tolerances  apply) 
a  =  30,60,90, 120,  or  150;  tolerance  =  ±15' 

2.  For  4-in.-diam  windows; 

D  =  4.0;  tolerance  =  ±0.010 
t  >  nominal  4  (manufacturer's  plate  thickness 
tolerances  apply) 

■  a  “  30, 60,  or  90;  tolerance  =  ±15' 

Figure  2,  Dimensions  of  typical  conical  window  specimens. 
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Figure  3.  Typical  conical  acrylic  windows  of  1-inch  minor  diameter  used  in  the 
experimental  program. 


In  addition  to  the  1-inch-diameter  model  windows,  4-inch-diameter 
windows  (30-,  60-,  and  90-degree  included  angles)  of  1 .0  t/D  ratio  were 
fabricated.  These  full-scale  windows  were  later  subjected  to  a  pressure 
loading  identical  to  that  of  the  1-inch-diameter  windows  (Table  1).  The 
objective  was  to  compare  the  displacement  and  crack  propagation  of  the 
large  and  the  small  windows  and  to  determine  whether  the  displacements 
and  magnitudes  of  cracks  of  the  large  windows  are  in  proportion  to  their 
diameter.  If  such  a  relationship  is  established  for  the  30-,  60-,  and  90- 
degree  windows,  a  reasonable  assurance  exists  that  the  cracks  and 
displacements  of  large  windows  with  other  conic^'l  angles  under  long-term 
loading  can  be  predicted  on  the  basis  of  the  measured  cracks  and  displace¬ 
ments  of  1-inch-diameter  windows  of  the  same  conical  angle. 
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Table  1.  Tosl  Plan  forConicol  Acryllt!  Windows  »Sul.))ti«tnrl  lo  ^0,000  P 
Hydroslolic  Prossurn  for  1,000  Plours 


TEST  SETUP 
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7®  sacxSarcfzE  sfspl^rsnTjsrci  tss^s,  a£l  wiSmSssks  sswS 

fiangei  wier®  sSssagneS  ta  frai®  tfse  rrriJKW  «f  arnesfir  of  tSie  coct  jia3  f riasiOT 
wcbSsw  aSways  eqaal  t®  the  Eiwrsoir  daroeisr  «sf  tSie  wcKfcwi'  cairisy  r®  t!ie 

TiT-js.  tfte  tow-pcssaiare  was  f f :eSs  wiifti  ii?e  fcotcam  of  tS"^  C03i:rs!l 

carat-/  Ks  tS»  ffenge  <■'  Figure  4i.  wftrfe  the  h^t-swessciJe  fere  of  tiie  w-ctiScw 
extsKfeS  to  sffffareol  dleirasiodis  m  the  oorJcaS  f cange  eaviit/,  ^epesidmg  c® 
the  wijaSow' s  thicfcoess.  The  sceaaJ  fsattisre  of  tSssse  osxtkai  wistinw  f 
cfeajnstei  praracusEy  as  !XJL  1  nKSostting  cawifl^rafE®™,’  was  the  temt!na- 
tioo  of  the  coauizl  C3rr«vf  ia  a  cyllndntal  seaicii  that  woulii  act  as  a  radial 
lesaraarts  on  the  exMmdinQ  pcrdm  of  the  window  iftgfsre  4|,  The  Bength  of 
the  c/listdrlral  sectc-on  xfartad  from  f tan^  to  fSange;  d^ieitdtiig  on  the  wist- 
dav's  angle  and  ratro.  In  all  cases,  however,  the  sectEco  was  desEgned 
to  be  long  enough  so  that  the  extruded  aritylic  pliug  would  be  radially 
supported  along  itswfiete  length. 

The  QOL  1  mounting  configuration  is  not  the  cmly,  or  for  that 
nmter,  the  optimum  configuration  for  conical  acrylic  windows  u^xier 
hydrostatic  pressure  To  date  two  other  mounting  conf^urations,  DOL  2 
astd  DOL  5  (Figure  81,  have  been  conceived  and  briefly  experimented  with.^ 
The  difference  beuveen  the  two  other  mounting  conf^rations  and  the 
configirration  v.hich  has  beai  select^  for  this  study  lies  pdmarily  in  the 
degree  and  type  of  support  afforded  by  the  flange  to  the  bearing  surfaces 
of  the  window  when  the  whole  windov/  displaces  axially  under  hydrostatic 
loading.  In  case  of  OOL  1  flange  configuration,  the  portion  of  the  windov/ 
displaced  past  the  bottom  of  the  conical  flange  seat  receives  radial  support 
from  the  walls  of  the  cylindrical  cavity.  The  DOL  2  flange  gives  no  support 
at  all  to  the  extruding  portion  of  the  window,  while  the  DOL  5  flange  gives 
both  radial  and  axial  support  to  the  displaced  portion  of  the  window.  When 
some  short-term  exploratory  experiments  were  conducted  previously  with 
the  three  different  types  of  flange  configurations,  it  was  noticed  that  most 
windows  tested  in  DOL  5  flange  had  the  highest  implosion  pressures;  those 
tested  in  DOL  2  flange  the  lowest  pressures.  The  magnitude  of  the  beneficial 
effect  associated  with  the  DOL  5  flange  varies  with  the  position  of  the  win¬ 
dow  in  the  flange,  the  included  conical  angle.  t/D  ratio,  temperature,  and 
type  of  hydrostatic  loading.  Since  the  relationship  between  these  variables 
for  a5iy  given  window  in  this  study  is  not  known,  the  DOL  5  flange  was  not 
chosjn  for  the  study.  It  would  be  an  additional  variable  affecting  the  rate 
of  displacement  and  critical  pressure,  thus  making  it  impossible  to  compare 
on  a  standard  basis  the  structural  response  to  long-term  loading  of  acrylic 
windows  with  different  t/D  ratios  and  conical  angles.  The  DOL  2  flange  was 
not  even  considered  for  this  experimental  study  as  it  is  known  to  be  inferior 
to  the  tv/o  other  flange  configurations. 


PRESSURE  VESS-IS 


The  ^lessels  used  fn  this  siori*/  s^-ere  t!®  conrirerted  IS-iixch  navsH  gun 
sheEis  with  a  9.4-liidi  csitarjial  dilssneta’  astd  the  Eaigar  vssse!  v*iih  an  IS-in^ 
Litsnrtal  djanster.  The  safe  operaJcMsI  pressure  capafelJisy  of  boih  vessels 
ES  20.000  psi.  and  ihei'  end  c'lssures  are  provided  w»»h  threaded  openings  to 
vMdti  the  vvindsw  fCanges  coufd  be  attached.  The  fUanges  vvere  mateJ  t« 
the  end  dosores  of  pressure  vesseEs  in  such  a  manner  that  the  lov/'pressure 
face  of  the  vvindoiv  vras  ur.der  the  opening  irj  the  flange  and  thus  exposed 
to  atmo^heric  pressure,  while  the  high-pressure  face  was  acted  upon  by 
the  pressurize  water  insde  the  vessel  (Figure  91.  8y  such  an  arrangement 
the  sane  pressure  differential  was  oeinrated  that  exists  on  a  windo^v  in  a 
submerged  structure,  or  on  a  windaw  in  an  interna!  pressure  vessel. 


water  under  20,000-psi  pressure 


Figure  9.  Schematic  of  window  test  arrangement. 
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AI9  of  the  pressure  vessels  used  ccniained  a  Sdjfftdeni  volume  of 
compressed  water  at  20.000  p»  to  prevent  the  small,  day-to-day  di^lace- 
ments  of  the  windows  through  the  flange  opening  from  decreasng  the 
pressure  insde  the  vessel  by  more  than  50  pa.  Also,  the  compressed  water 
in  the  pressure  vessel,  and  the  stressed  wall  of  the  vessel  contained  sufficient 
potential  energy  to  eject  the  vtnndow  once  it  became  so^ractionated  by  . 
cracks  and  fracture  planes  as  to  loose  its  structural  integrity.  This  feature 
of  the  pressure  vessels  was  of  great  importance,  as  it  permitted  locking 
20.000  pa  of  pre^re  inade  the  vessel  for  unattended  operation. 


INSTRUMENTATION 

The  instrumentation  for  the  long-term  pressure  testing  of  acrylic 
windows  consisted  of  a  pressure  gage,  a  displacement  indicator,  and  a 
thermometer  {Figure  9).  The  Bourdon  type  pressure  gags  measured  the 
hydrostatic  pressure  inside  the  vessel  with  ±50  psi  accuracy,  the  mechanical 
dial  type  displacement  indicator  measured  with  0.001-inch  accuracy  the 
displacement  of  the  center  of  window's  low-pressure  face,  while  the 
remote-reading  Bourdon  tube  thermometer  registered  with  ±0.5®C 
accuracy  the  temperature  of  the  water  wetting  the  high-pressure  face  of 
the  window. 


TEST  PROCEDURE 

The  conical  bearing  surfaces  of  the  windows  were  liberally  coated 
with  silicone  grease.  After  insertion  of  the  window  into  the  conical  flange 
cavity  (Figure  10),  a  force  of  approximately  30  pounds  was  applied  to  the 
windov»-'s  high-pressure  face  to  squeeze  out  most  of  the  grease  from  between 
the  window  and  the  flange.  Subsequently  the  whole  test  assembly,  consisting 
of  the  end  closure  with  window  flange  and  window  was  placed  into  the  pro¬ 
per  vessel  prefilled  with  water  and  locked  in  place.  The  preparations  for 
testing  were  completed  by  mounting  of  the  mechanical  dial  type  displace¬ 
ment  indicator  on  the  end  closure.  The  dial  indicator  was  mounted  in  such 
a  manner  that  the  rod  of  the  indicator  protruded  through  the  opening  in 
the  end  closure  and  rested  firmly  on  the  center  of  the  window's  low-pressure 
face  (Figure  11). 
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Figure  10.  Installation  of  a  4-inch-diameter  90-degree  conical  window  Figure  11.  Typical  dial  ’ndicator  installation  on  the  end  cioiure  of  a 
into  f)^nge  mounted  on  the  end  closure  of  the  18-inch*  converted  16-inch  naval  gun  shell  for  measurement  of 

internal-diameter  vessel.  window  displacement  through  the  flange. 


The  first  step  in  the  pressurization  procedure  of  the  window  was  to 
pressurize  the  vessel  to  1,000  psi  and  hold  it  at  that  pressure  for  1  hour. 

After  1  hour  the  pressure  was  dropped  to  zero  and  the  dial  displacement 
indicator  was  reset  to  zero  reading.  This  operational  procedure  insured 
that  the  window  was  not  hearing  against  a  thick  layer  of  grease,  and  that 
the  di^lacements  of  the  window  recorded  during  following  pressurization 
to  20,000  psi  would  be  a  measure  of  window  deformation,  rather  than 
settlement. 

The  pressurization  to  20,000-psi  pressure  level  was  conducted  at 
600-to-700-psi/min  rate,  and  the  displacement  readings  were  taken  at 
1,000-psi  pressure  increments.  After  the  pressure  inside  the  vessel  reached 
20,000  psi,  the  pumps  were  stopped,  and  the  valve  controlling  the  flow  of 
vwter  to  the  vessel  was  closed.  This  operation  concluded  the  pressurization 
of  the  windows  to  their  long-term  operational  pressure. 

Some  of  the  windows  were  subjected  to  20,000  psi  of  hydrostatic 
pressure  for  500  hours,  while  others  were  kept  at  that  pressure  for  1 ,000 
hours.  In  this  manner  the  damage  to  the  windows  could  be  observed  at 
two  discrete  time  intervals,  one  of  them  being  twice  as  long  as  the  other. 

The  pressure  inside  the  vessels  fluctuated  as  much  as  plus  or  minus  100  psi, 
depending  on  the  temperature  of  the  ambient  atmosphere.  Moderate  effort 
was  made  to  control  the  temperature  of  the  water.  Its  temperature  fluctuated 
from  18°C  to  23°C,  depending  on  the  season  of  the  year,  and  the  time  of 
day.  Displacement,  pressure,  and  temperature  readings  were  taken  three 
times  a  day.  When  the  readings  were  taken,  the  pressure  inside  the  vessel 
was  also  readjusted  if  it  differed  by  more  than  100  psi  from  the  set  pressure 
of  20,000  psi.  Such  readjustments  were  very  rare,  and  occurred  either  when 
some  minor  leaks  occurred  in  a  hydraulic  system  or  a  temperature  change 
of  more  than  2°C  took  place. 

The  reasons  for  choosing  room  temperature  as  the  environment  for 
long-term  testing  of  windows  are  twofold.  First,  it  imposes  a  more  detri¬ 
mental  environment  for  extrusion  of  plastic  windows  because  the  mechanical 
strength  and  viscosity  of  acrylic  plastic  in  this  temperature  range  are  less® 
than  at  temperatures  in  32°F-to-40°F  range  generally  found  in  the  deep 
ocean.  Second,  when  acrylic  plastic  is  used  as  viewport  material  in  high- 
pressure  vessels,  such  vessels  will  probably  be  operated  at  room  temperature. 

However,  in  order  to  have  some  indication  of  what  change  in  window 
displacement  occurs  when  the  temperature  of  the  pressurizing  medium  is  in 
the  30°F-to-35°F  temperature  range  commonly  found  in  abyssal  depths,  a 
group  of  4-inch-diameter  90-degree  windows  with  t/D  =  1.0  has  been  subjected 
to  1 ,000  hours  of  pressurization  at  20,000  psi  at  that  temperature. 
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After  the  windows  were  maintained  at  20,000-psi  pressure  for  the 
desired  time  interval,  the  pressure  was  dropped  to  zero  at  a  100-psi/min  rate. 
After  the  pressure  reached  the  zero-psi  level,  the  end  closure  was  removed 
from  the  pressure  vessel,  and  the  window  inspected  for  damage.  From  each 
group  of  five  identical  test  specimens  one  was  carefully  photographed  both 
on  the  low-  and  high-pressure  faces  to  record  the  extent  of  cracking  as  well 
as  permanent  deformation  of  the  window  surfaces  (Appendix  A).  To  give 
the  prospective  window  designers  a  feel  for  the  magnitude  of  cold  flow 
cratering  on  the  window's  high-pressure  face  a  rectangular  grid  was  optically 
superimposed  on  the  window's  face  and  the  window  was  photographed. 

The  same  operation  was  conducted  in  many  cases  for  photographing  of  the 
extended  low-pressure  faces. 

Details  on  the  design  of  window  and  flange  systems  are  presented  in 
Appendix  B  and  window  displacement  histories  are  described  in  Appendix  C 


DATA  REDUCTION 

The  data  resulting  from  testing  more  than  200  windows  at  20,000-psi 
hydrostatic  pressure  for  time  periods  between  500  to  1 ,000  hours  are  pre¬ 
sented  in  this  report  pictorially  (Appendix  A)  and  graphically  (Appendix  C). 
For  the  hydrospace  engineer  designing  window/flange  systems,  the  average 
magnitude  of  window  displacement  for  a  given  t/D  ratio  and  conical  angle 
has  been  plotted,  as  well  as  the  scatter  between  the  five  individual  window 
test  specimens  comprising  each  test  group  (Appendix  C).  The  photographic 
record  of  crack  and  fracture  plane  location  and  magnitude  is  presented  in 
Appendix  A  for  all  t/D  ratios  and  angles,  as  it  is  impossible  to  foresee  which 
one  will  be  selected  by  an  engineer  for  design  study,  or  by  a  scientist  for 
fracture  mechanics  study. 

Although  such  detailed  representation  of  test  results  is  an  absolute 
necessity  for  the  detailed  design  of  window/flange  systems,  only  a  general 
overview  of  window  displacement  as  a  function  of  t/D  ratio  and  conical 
angle  is  needed  for  technical  feasibility  and  preliminary  design  studies.  For 
such  applications,  the  details  of  experimental  data  tend  to  obscure  the 
general  trends  of  the  relationship  between  displacemenis  and  the  main 
structural  parameters  of  the  window/flange  system. 

To  provide  an  overview,- typical  window  deformation  patterns 
(Figures  12-18)  illustrate  general  trends  of  window  behavior  under  long¬ 
term  load.  In  addition,  test  results  have  been  abstractod,  averaged,  and 
presented  in  summary  form  for  ready  reference  in  Figures  19  through  21. 
When  referring  to  these  figures,  it  is  important  to  remember  that  they 
represent  average  displacement  values  without  any  indication  of  data 
scatter;  to  determine  scatter  one  must  refer  to  figures  in  Appendix  C. 
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(a)  Typical  cold-flow  cratering  on  window's  high-pressure  face. 


(b)  Typical  cold-flow  plug  extrusion  of  window's  low-pressure  face. 

Figure  12.  One-inch-diameter  x  0,75-inch-thick,  60-degree  conical  angle  window 
after  1,000-hour  sustained  pressure  loading  at  20,000  osi. 
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Figure  13a.  Comparison  of  displacements  on  4-inch-diameter  acrylic  windows 
of  90-degree  conical  angle  and  1.0  t/D  ratio. 
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Figure  13b.  Comparison  of  displacements  on  1-  and  4-inch-diameter  acrylic 
windows  of  90-degree  conical  angle  and  1 .0  t/D  ratio.  (Displace¬ 
ments  of  1-inch-diameter  windows  have  been  multiplied  by  a 
factor  of  4.) 
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(a)  Comparison  of  plug  extrusions. 


(b)  Comparison  of  cold-flow  craters. 

Figure  14.  One-inch-diameter,  60-degree  conical  windows  after  500-hour  sustained 
loading  at  •f20,000  psi  and  70°F. 
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(b)  Comparison  of  cold-flow  craters. 

Figure  15.  One-inch-diameter  windows  with  t/D  =  1.0  and  different  conical  angles 
after  sustained  loading  at  20,000  psi  for  1,000  hours  in  65°F-to-75°F 
temperature  range. 
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M  CoHV*i>on  of  plug  emwon. 


(b)  Comowison  of  ooU-floMr  cnten. 

Figure  16.  One-indKiiameter,  69<legreeconicd  windowsw^  IJD  =  0.875  subjected  to 

different  durations  of  loading  at  20,000  pn  in  SS^F'to-TS^  temperature  range. 


(a)  FneawcMfaceon 


(b)  Hk^vpresurefaoe  intenectai  by  fracture  surface. 


(c]  Two  separated  fragments  of  the  window. 

Figure  18.  One-indi-diatneter,  9(Wegree  window  with  t/D  =  0,75  after 
1.000  hours  of  loading  at  20.000  ps. 
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Figure  20.  Axieldi^rteeementof  conieelecrylicwitxiows 

liuring  attained  proaire  loading. 
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(d)  120-degree  windows. 
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(e)  1 50-degree  windows. 


(e)  150-degree  windows. 


(c)  90-degree  windows. 


Figure  21.  Axial  displacement  of  conical  windows  during 
sustained  pressure  loading. 
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'  Although  the  experimental  data  are  based  on  a  time  period  of  only 
1 ,000  hours  (the  extent  of  maximum  loading  duratiomof  windows  in  this 
study),  the  data  are  extrapolated  for  an  additional  1 .000  hours  of  load 
applications  for  each  t/D  ratio  and  angle  (Appendix  C).  This  should  allow 
hydrospace  window  designers  to  predict  the  displacement  of  windows  with 
a  high  degree  of  confidence  for  2,000  hours  of  ^stained  hydrostatic  load 
application.  For  1 -inch-diameter  windows  with  a  VD  ratio  of  2.0  extrapola¬ 
tions  have  been  made  to  109,000  hours  (Figure  22). 


Figure  22.  Extrapolation  to  100,000-hour  loading  duration  of  displacements 
generated  by  1-inch-diameter  windows  with  t/D  =  2.0  under 
20,000-psi  sustained  pressure  for  1,000  hours. 


SUMMARY  OF  TEST  OBSERVATIONS 
Deformations 

All  of  the  windows  subjected  to  long-term  20,000-psi  hydrostatic 
loading  in  DOL  1  flanges  underwent  time-dependent  elastic  and/or  plastic 
deformation;  the  magnitude  and  character  of  the  deformation  varied  with 
the  window  diameter,  thickness,  included  angle,  temperature,  and  length 
of  loading.  Some  of  the  windows  extruded  plastically  through  the  cylin¬ 
drical  flange  opening  to  such  an  extent  that  after  a  time  they  lost  their 
ability  to  withstand  hydrostatic  pressure  and  failed  catastrophically.  The 
time-dependent  plastic  deformation  of  the  windows  consisted  of  cold-flow 
cratering  on  the  window's  high-pressure  face  and  plug  extrusion  of  the 
low-pressure  face  (Figure  1 2).  This  deformation  was  accompanied  by 
formation  of  cracks  on  the  high-pressure  face,  low-pressure  face,  and 
conical  bearing  surface.  The  deformation  was  considerably  less  at  32°F 
than  at  room  temperature  (Figure  13a). 
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The  20,000-psi  pressure  loading  under  which  some  of  the  windows 
failed  was  considerably  lower  than  the  pressures  required  to  cause  similar 
windows  to  fail  under  short-term  hydrostatic  loading  in  previous  studies.’-  ^ 
Since  in  this  study  the  failure  of  windows  in  less  than  1 ,000  hours  after 
pressure  application  took  place  only  for  two  t/D  ratios  and  angles,  it  is 
exceedingly  hard  to  formulate  general  rules.  It  is  certain,  however,  that  the 
difference  between  critical  pressures  under  short-term  and  long-term  loading 
can  be  considerable.  For  the  two  groups  of  windows  that  failed  in  this  study 
at  20,000  psi,  the  decrease  in  their  short-term  strength  was  9%  for  the  30- 
degree  window  with  t/D  =  0.875,  and  23%  for  the  60-degree  window  with 
t/D  =  0.625.  In  the  former  case  the  average  duration  prior  to  catastrophic 
failure  was  42  minutes,  while  in  the  latter  case  it  was  1 57  minutes.  This 
demonstrates  that  critical  pressure  of  acrylic  windows  is  intimately  related 
to  duration  of  hydrostatic  loading.  By  decreasing  the  magnitude  of  hydro¬ 
static  loading,  the  duration  of  sustained  load-carrying  ability  is  increased. 

Since  the  magnitudes  of  cold-flow  cratering,  plug  extrusion  and 
crack  depth  are  larger  for  4-inch-diameter  windows  than  for  1 -inch-diameter 
windows  (Figure  13b)  of  same  t/D  ratio  and  angle,  it  would  appear  that  the 
experimental  data  generated  in  this  study  by  1 -inch-diameter  windows  are 
directly  (without  any  scaling  factor)  applicable  only  to  windows  of  1-inch- 
diameter.  However,  because  the  deformation  of  the  4-inch-diameter 
windows  tested  in  the  DOL  1  flange  also  under  20,000-psi  hydrostatic 
pressure  is  approximately  four  times  larger  than  that  of  comparable  1 -inch- 
diameter  windows,  it  can  be  assumed  that  the  deformation  of  conical 
acrylic  windows  is  linearly  scalable  and  the  deformation  data  collected 
on  1-inch  windows  under  20,000-psi  hydrostatic  pressure  can  serve  as  a 
basis  for  predicting  the  deformation  of  acrylic  windows  of  any  diameter 
under  20,000-psi  hydrostatic  pressure. 

The  magnitude  of  cold-flow  cratering  on  the  high-pressure  face, 
and  the  plug  extrusion  on  the  low-pressure  face  appears  to  be  related  to 
temperature,  duration  of  sustained  loading,  t/D  ratio,  and  conical  angle. 

In  general,  an  increase  in  t/D  ratio  (Figure  14),  and  conical  angle 
(Figure  15)  decreases  the  magnitude  of  extrusion  and  cold-flow  cratering. 

An  increase  in  duration  of  sustained  load  application  on  the  other  hand 
increases  the  magnitude  of  cold  flow  (Figure  16).  Low  temperature  favors 
small  deformations,  while  elevated  temperature  causes  large  deformations. 

The  conical  bearing  surfaces  of  the  windows  have  been  observed 
to  harbor  many  fine  cracks  propagating  into  the  interior  of  the  windows 
at  approximately  a  right  angle  to  the  bearing  surface.  The  number  of 
cracks,  their  depth,  and  pattern  of  distribution  has  been  found  to  vary 
with  the  window's  t/D  ratio,  conical  angle,  length  of  loading,  and  temper¬ 
ature.  An  increase  in  duration  of  loading  and  temperature,  decrease  in 
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t/D  ratio,  and  a  decrease  in  conical  angle  have  been  associated  with.en 
increase  in  number  of  cracks  as  well  as  their  depth.  An  interesting  phe¬ 
nomenon  associated  with  the  change  in  conical  angle  was  that  not  only 
thp  number  of  cracks  changed  but  also  their  distribution  on  the  conical 
bearing  surface.  Generally  speaking,  it  appears  that  the  smaller  the  angle 
of  conical  windows  with  a  given  t/D  ratio,  the  more  general  is  the  distri¬ 
bution  of  cracks  over  the  whole  bearing  surface.  Thus,  for  example  for 
30-degree  windows  the  whole  bearing  surface  is  covered  with  cracks,  while 
for  150-degree  windows  all  of  the  cracks  on  the  bearing  surface  are 
concentrated  near  the  low-pressure  face  (Figure  17). 

If  the  t/D  ratio  of  the  window  was  low  and  the  conical  angle  was 
equal  to  or  larger  than  90  degrees,  a  fracture  deve^ed  that  divided  the 
window  into  two  fragments.  Since  the  fracture  originated  in  most  cases 
from  one  of  the  many  cracks  present  on  the  conical  bearing  surface,  and 
it  propagated  itself  at  right  angles  to  the  bearing  surface,  the  shape  of 
resulting  fracture  v/as  that  of  a  cone  with  its  apex  intersecting  the  high- 
pressure  face  of  the  window.  The  resulting  two  fragments  of  the  window 
had  either  the  shape  of  an  annular  ring,  or  of  a  plug  with  two  intersecting 
conical  surfaces  (Figure  18).  In  those  cases  in  which  the  loading  of  the 
window  was  terminated  before  the  window  was  divided  by  the  fracture 
into  two  separate  fragments,  an  incomplete  fracture  was  observed. 

Displacements 

When  the  magnitudes  of  displacements  for  windows  having  different 
t/D  ratios,  conical  angles,  and  duration  of  loading  were  compared,  several 
observations  were  made.  For  alt  windows,  regardless  of  their  t/D  ratio 
(Figures  19  and  20),  the  displacement  after  the  same  length  of  loading  at 
20,000  psi  and  65°F-75°F  appeared  to  be  largest  for  30-degree  windows 
with  the  displacement  becoming  progressively  smaller  as  the  conical  angle 
increased  to  150  degrees.  The  largest  decrease  in  magnitude  of  displace¬ 
ment  took  place  between  30  degrees  and  60  degrees,  followed  up  by  a 
smaller  decrease  between  60  degrees  and  90  degrees  (Figure  19).  Some 
minor  additional  decrease  took  place  between  90  and  150  degrees  of 
conical  angle,  the  magnitude  of  the  decrease  being  related  in  some  manner 
to  the  t/D  ratio.  When  the  t/D  ratios  were  small,  the  differences  in 
magnitudes  of  displacement  between  windows  of  same  t/D  ratio  but 
different  conical  angles  were  very  large  (Figure  20a,  b,  c,  and  d).  On  the 
other  hand,  when  the  t/D  ratios  were  large,  the  differences  in  magnitudes 
of  displacement  between  windows  of  same  t/D  ratio  but  different  conical 
angles  were  small  for  the  same  duration  of  loading  (Figure  20e,  f,  and  g). 
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When  the  magnitudes  of  displacement  for  windows  of  same  conical 
angle  but  different  t/D  ratios  are  compared  after  the  same  loading  duration 
(Figure  21 ),  it  appears  that  considerable  decrease  in  the  magnitude  of 
extrusion  occurs  as  the  t/D  ratio  is  increased  in  lower  t/D  ratio  range, 
followed  by  very  little  decrease  as  the  t/D  ratio  is  increased  in  higher  t/D 
ratio  range.  Thus  for  30-degree  windows  (Figure  21a),  most  of  the  displace¬ 
ment  decrease  takes  place  at  ratios  up  to  t/D  =  1 .5;  for  60-,  90-,  120-degree 
windows  (Figure  21b,  c,  and  d)  at  ratios  up  to  t/D  =  1.25;  and  for  150- 
degree  windows  (F  igure  21  e)  at  ratios  up  to  t/D  =  1 .0. 

When  one  compares  the  magnitudes  of  displacement  for  different 
t/D  ratios  of  a  constant  conical  angle  at  different  durations  of  loading 
(Figure  19)  it  can  be  observed  that  the  shorter  the  duration  of  loading,  the 
less  difference  there  is  between  the  magnitudes  of  measured  displacement  of 
different  t/D  ratios  for  a  given  angle.  Thus  for  1-hour  duration  of  loading 
the  magnitudes  of  displacement  for  0.75  t/D  and  2.0  t/D  windows  with  a 
90-degree  included  angle  are  approximately  of  the  same  magnitude  (Figure  19a), 
while  for  1 ,000-hour  duration  of  loading  the  displacements  for  those  two  t/D 
ratios  are  of  significantly  different  magnitudes  (Figure  19e). 

Data  generated  by  windows  that  failed  prior  to  completion  of  the 
1,000-hour  sustained  pressure  loading  indicated  that  under  a  sustained  pres¬ 
sure  loading  at  65°F-to-75°F  a  catastrophic  window  failure  rarely  occurs 
before  the  magnitude  of  the  window  displacement  is  equal  to  at  least  50% 
of  the  original  window  thickness.  For  30-degree  windows  the  magnitude 
of  displacement  prior  to  catastrophic  failure  under  sustained  loading  has 
generally  been  equal  to  original  window  thickness  (Figure  C-1).  The 
displacement  of  60-degree  windows  (Figure  C-2)  is  somewhat  less  than 
the  original  window  thickness,  but  still  well  over  75%  of  original  thickness. 

For  angles  larger  than  60  degree.s,  the  exact  amount  of  displacement  prior 
to  catastrophic  failure  is  not  known  but  in  all  probability  it  is  about  50% 
of  original  thickness.  This  large  displacement  can  be  used  to  actuate  an 
alarm  system  sensor  in  ample  time  before  failure  takes  place. 

Although  the  experimental  data  generated  in  this  study  are  based  on 
the  displacement  of  model  windows  under  long-term  loading  of  1,000  hours 
maximum  duration,  a  fair  extrapolation  of  window  extrusions  for  longer 
loading  duration  is  feasible.  This  long-range  extrapolation  is  possible  because 
it  has  been  observed  that  when  displacement  of  windows  is  plotted  versus 
time  on  log-log  coordinates,  a  straight  line  results.  Such  an  extrapolation 
has  been  prepared  for  ail  windows  for  t/D  =  2.0;  the  graph  has  been  plotted 
for  long-term  loading  up  to  100,000-hour  duration  under  20,000  psi  in 
65°F-to-75°F+  temperature  range  (Figure  22).  On  the  basis  of  this 
extrapolated  data  it  appears  that  acrylic  windows  of  t/D  =  2.0  and  30-, 

60-,  90-,  120-,  and  150-degree  conical  angles  will  withstand  approximately 
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10  years  of  sustained  pressure  loading  without  catastrophic  failure.  This 
prediction  is  based  on  the  observation  that  none  of  these  windows  appear 
to  have  even  one-half  the  projected  displacement  in  100,000  hours  which 
is  generally  considered  necessary  for  failure  of  conical  windows  under  long¬ 
term  loading. 

Effect  of  Flange  Design 

The  displacement  data  generated  by  this  study  are  directly  applicable 
only  when  the  DOL  1  flange  is  used  for  containment  of  windows  in  a  pres¬ 
sure  hull.  Although  only  a  few  exploratory  experiments  were  performed 
in  this  study  on  the  influence  of  flange  design,  it  was  observed  previously’ 
that  when  DOL  2  flange  is  used  the  axial  displacements  become  significantly 
larger,  while  when  DOL  5  flange  is  used  they  become  significantly  smaller. 
Thus  if  the  DOL  5  flange  is  used,  the  displacement  data  will  be  conservative; 
the  actual  displacements  in  DOL  5  flanges  of  any  conical  angle  will  be  less. 

If  DOL  2  flanges  are  used,  the  displacement  data  will  be  quite  inapplicable; 
the  window  in  this  flange  will  be  unsafe  because  it  will  displace  significantly 
faster  than  the  data  of  this  report  predict.  The  details  of  DOL  1  and  DOL  5 
flange  designs  are  discussed  at  length  in  Appendix  B. 


FINDINGS 

Conical  acrylic  windows  are  subject  to  static  fatigue,  which  exhibits 
itself  by  time-dependent  viscoelastic  and  viscoplastic  deformation,  time- 
dependent  initiation  and  propagation  of  cracks,  and  time-dependent 
catastrophic  failure.  Specifically: 

1.  The  deformation  of  the  windows  takes  the  form  of  plug  extrusion  through 
the  cylindrical  passage  in  the  flange  accompanied  by  the  formation  of  a 
crater  in  the  center  of  the  window's  high-pressure  face. 

2.  The  initiation  of  cracks  takes  place  on  the  conical  bearing  surface  followed 
by  time-dependent  propagation  of  fractures  into  the  interior  of  the  window 
at  approximately  a  right  angle  to  the  bearing  surface. 

3.  The  displacement  of  the  conical  windows  through  a  flange  increases  with 
the  temperature,  pressure,  and  duration  of  sustained  hydrostatic  pressure, 
and  decreases  with  conical  angle  and  t/D  ratio. 

4.  Where  specimens  had  a  t/D  ratio  equal  to  or  less  than  1 .0  and/or  included 
angles  of  30  or  60  degrees,  catastrophic  failures  occurred  in  less  than  1 ,000 
hours  of  sustained  loading  at  20,000  psi. 
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5.  Only  windows  with  a  t/D  ratio  equal  Jo  or  greater  than  1 .25  did  not  fail 
catastrophically  in  1,000  hours  of  sustained  loading  at  20,000  psi. 

6.  The  decrease  in  magnitude  of  time-dependent  displacement  when  t/D  is 
increased  from  1 .0  to  1 .25  is  greater  than  the  decrease  observed  when  t/D 
is  further  increased  from  1.25  to  2.0.  The  increase  in  t/D  above  1.25,  how¬ 
ever,  causes  a  very  noticeable  decrease  in  the  number  and  depth  of  cracks 
on  the  conical  bearing  surface  of  the  window. 

7.  The  rate  of  displacement  for  windows  through  the  flange  is  not  a  linear 
function  of  time,  and  as  a  general  rule,  the  displacement  occurring  during 
the  first  hour  of  sustained  loading  is  greater  than  the  displacement  taking 
place  during  the  following  1,000  hours. 

8.  The  deformation  of  the  low-  and  high-pressure  faces  and  the  displacement 
of  the  window  through  the  flange  were  approximately  30%  less  in  the  32°F- 
to-40°F  temperature  range  than  in  the  65'^F-to-75°F  range  in  which  the 
bulk  of  the  experimental  data  was  generated. 


CONCLUSIONS 

1.  When  windows  are  to  be  utilized  in  structures  subjected  to  long-term 
external  or  internal  hydrostatic  pressure,  the  duration  of  loading  must  be 
taken  into  consideration  in  selecting  the  t/D  and  angle  of  the  conical  acrylic 
window,  since  the  catastrophic  failure  of  the  window  under  long-term 
sustained  loading  occurs  at  pressures  invariably  lower  than  under  short¬ 
term  loading. 

2.  It  is  absolutely  necessary  to  know  the  magnitude  of  displacement,  plastic 
surface  deformation,  and  crack  propagation  as  a  function  of  time  to  design 
with  confidence  conical  acrylic  windows  for  long-term  hydrostatic  loading. 

3.  The  time-dependent  displacement  curves  and  photographic  record  of 
cracks  and  plastic  distortions  of  windows  under  20,000-psi  long-term 
hydrostatic  loading  from  this  experimental  study  make  it  possible  to 
specify  the  dimensional  proportions  of  conical  acrylic  windows  required 
for  safe  and  optically  acceptable  long-term  service  under  hydrostatic 
pressures  between  15,000  and  20,000  psi. 

4.  The  performance  of  full-scale  conical  acrylic  windows  under  sustained 
loading  in  terms  of  their  deformation,  displacement,  and  crack  distribution 
can  be  predicted  with  reasonable  accuracy  on  the  basis  of  model  windows. 

5.  For  service  under  sustained  hydrostatic  loading  at  20,000  psi  and  up  to 
1,000  hours  duration,  windows  with  a  t/D  ratio  equal  to  or  less  than  1.0 
and/or  included  angles  equal  to  or  less  than  60  degrees  are  unsatisfactory. 
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Anpcndbc  A 


EFFECTS  OF  SUSTAINED  PRESSURE  LOADING 
ON  CONICAL  WINDOMS 


INTRODUCTION 

Tte  t&  aas^sT^sS  Eusc!^  trurfer 

Ir/if  rcsiaifc  psssacre  far  tTrra  per^ois  gi  51MJ  an-J  1.003  Btgccts  ejcjieirisn:.®^ 
pefiEaiKSTi  sSsfsninslitKs.  cf3c3:?M.  c<r  a-err'  ca^su'GgjS^^  Iscize,  Tiie  ectsrti 
of  orsrkfeg,  c»r  dbiJSiiicci!  cf  SKSsT'ngd  fGScfriig  ptrSisr  tc  cs^EcspSui  fsT^inra 
dspestifed  CCS  iSie  radis^sJ  acigfe  aci-iS  cite  tO  cS  tte  l-r'i-rfi-^liaTjgcsr 

v.TiiiisrA'Stescsd,  ss  E35ig  as  tte  terrperccure  cr  ttewsca' v/as  te"S  re  tte 
^®F-t©-75®r  rsi-^  fstr  all  tte  tass.  At  v.-trsI  ©csri  Kree  liuireg  tte  srjs- 
tajied  ciressi^'e  taaifrjTg  a  certalia  csack  Gt  cGri-fSirA  c?£t^  'was  fn?ntei  iis 
fokn-iTAiR.  as  r-a  terfirt’gaes  v^-sre  bitiil'lzed  tvc-^a  pesre^t  nTtrir^e 

Gbs^-siccjs  cf  tte  Eiterrei'  cf  tte  reic^A-  teify  tte  hyiri^'Jr 
toajing, 

Sin-ce  a13  GteerAaicsrscf  damage  to  tte  tested  AredifAS  A^ere  prate 
cnSy  otter  tfc  te^sjig  wtS  rampfetsil  aitd  tfae  wijt'SiJAS  asib  rsm-iK/ed  tfiC’Jin 
itefr  flanges,  it  cannot  te  stated  wish  acsc!ote  certaTaty  vrfti*  damage  to 
the  windoiv  oocurred  dunng  tte  psassi^rizaiscsi  ptese  from  9  to  20,0!H)  pa, 
sustairad  pressure  loading  ptese  ai  20.009  pa,  or  imlcadij^  phase  from 
20,000  p9  to  0  psi.  Some  of  tte  changes  in  tte  wtedc;*/  fag.  cc3d-f Hoiv 
craterii^  on  the  hish-pressurs  face  and  tte  Gi3d-f2mvextrasson  on  tte  fo;v- 
jM^essure  fees)  must  ha/e  taken  place  during  tte  h'jiJrcsistic  load  ^plicaticn. 
These  deformatiens  are  dearly  tte  reg>cnsK  of  tte  acrylic  v.’indiAv  to 
hydrostatic  force  acting  era  its  higfepressure  face, 

The  time  of  origin  of  the  erodes  in  the  window  is  not  so  obwous. 
Some  of  the  aadts,  such  as  those  on  the  lo^iv-presure  face,  definitely 
appear  during  the  loading  of  the  v/indow;  they  are  causKi  fay  the  b-ulging 
of  the  low-pressure  feite,  which  induces  local  teiisile  steesses  in  the  face. 

Also,  during  some  of  the  tests,  the  low-pressure  faites  were  observed  and 
extensive  cracking  and  fracturing  of  the  face  was  noted  prior  to  failure. 
Whether  the  cracks  at  right  angles  to  the  ccnica!  seating  surface  occurr^ 
during  the  loading,  or  durirsg  unloading  cannot  be  definitely  ascertained. 
However,  there  is  good  evidence  that  most  cracks  did  originate  du.'irg 
the  pressurization  and  sustained  pressure-loading  phases. 

The  case  for  this  supposition  rests  on  two  observed  phenomena. 

One  is  the  penetration  of  lubricant  into  some  very  deep  cracks.  The  lubri¬ 
cant,  could  not  penetrate  into  the  interior  of  the  window  through  the 
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^37r^-TecH3dksFlrl’j(sasr5£iu3a  f^ja^frfib^ssisizixsss^^s.  Bulinsi 

si  J  e?  t?5e  CBScSs  were  gjene!a5:SiS  6-#'  gjasis.  fejilislaig  eitto  tSisi  shttb  wcers 
f  ^lamei  sSicring  Efie  5^ic5ss:arJKii3»ni  pftsse.  ctr  tSiatt  t5i©y  visse  fssmsJ  ef  jjisg 
p!2axTC2Siu3fs  £3  sSrear  cradks,  wftrSiSs  are  fe^i  frsra  cpenritg  fes  fcsjaas 
tfe  eanpressCsrs  f spires  aarriitg  si  mS^i  ar^fes  t5  t'iie  «3aEii:  ffiofarss.  S^ih  m 
esqp'usife'i-'  feried  'iviKtows eme  cs:*  'SiwS  tSie feLSinrs sinrrace  tc  lie  an;  C5£u- 
ffiifi'i*  uft)  »3i  [  ji!  s^iiSt;  oadfes,  iii  csra  fee  sssieJ  witfe  a  fesr  rS^se  srf  cmmifetis 
r?!si  T'Sin  sri  t?ie  sliear  i^lJe  osarfes  ai  angi'es  to  tSie  assiiEsI  sesicsig 
SiifffeiS  f Sara  wmsn  tfre  wfedow  ks  Ejer^  gwessesrizesJ  o*"  is  iirrKfer  saistssred 
Psad  2kS  Etsi  <fi£3tng  dssifgssirTEzeic'nm-  Tire  fu'^owriig  disausssm  cf  tSie 
effects  in  Fcng-tesini  giaesswre  Eoaiiog  ass  ccctiss!!  waidoiis  is  Esesei  ci?  tire 
preciisB  tr^i  mcsi  cf  tiis  d^fflrrnsifiora  assd  crackeiig  did  taJce  pSace  wfteo 
t*ie  VifcidTAS  wiere  Eiesig  piessjcrized.  sf  ^vfreis  tSie”/  were  coder  susisfj^ 
l^'drccicifc  fcaJKig, 

DISCUSSION 

I'lnch-Dtameter  Conical  V^ndows 

30  Degree.  All  cciLacsl  V*5juiJGV*3  V#  ilh  <  C.875  fssl^  at 

te;e!ls  kss  itiao  29.CHM)  ps  duifiBg  leisng  of  ihg  hydrosiaifc  pressure.  Thus  at 
cGccpIeic-cffi  of  tesis  coik  of  these  windoivs  were  available  for  ebsenfation 
aad  pboicsraphy.  The  sair^  is  Inre  of  wirriJows  with  a  t/D  =  0.875,  except 
liiat  th-ey  faiS^  under  sustained  presasre  after  the  hydrostatic  pressure  of 
20,000  ps  V.3S  reached.  Only  wirsdows  with  t/D  >1.0  sjjvK'kI  the  500-  or 
l,C00-h’Our  sustained  presure  application  and  remaioKl  fer  in^^ectico 
(Figure  A-1}. 

Cold-flow  aatering  was  observed  only  on  the  high-pressure  facK  of 
v.indov/sv.ith  1.0  <  t/d  <  1.25,  while  cold-flow  extrusion  of  the  low-pressure 
face  in  the  form  of  a  plug  was  observed  on  all  of  the  v/in  Jows  with  1 .0  < 
t/D  <  ZO  (Figures  A-1  through  A-5).  Besides  the  extrusion  in  the  form  of 
a  plug,  the  lov.'-pressure  face  also  underwent  some  change  of  surface  curva¬ 
ture.  The  low-pressure  fece  changed  its  surface  from  plane  to  convex 
(Figures  A-2  and  A-4)  v/ith  the  radius  of  curvature  on  the  convex  surface 
beir^  related  to  the  amount  of  plug  extrusion.  Thus,  windoviS  with  extremely 
large  plug  extrusions  vjere  observed  to  possess  such  a  short  radius  of  curvature 
that  cracking  of  the  Iov/-pressure  face  surface  took  place  (Figures  A-1  and  A-2), 
vdiile  windows  v,^th  very  small  plug  extrusions  possessed  convex  low-pressure 
faces  with  very  Jong  radius  of  curvature  (Figure  A-4).  In  general  it  appears 
that  the  magnitude  of  the  cold-flow  cratering  and  of  the  plug  extrusion  on 
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l-EsrdMSsamKer,  XkSsgfea  ccmScsI  wiiraJffws  5s  a  faistcsi'iwi  of  xStg  d’jiaiciio  of 
susc^oed  loadmg  and  t/D  rai&o  i!:a  anrrisisnt  tsmpefsSare  b  5selil  coastatrti. 

Tftas  l.CJOO-toirsiJSSaiiieiJ  leading  and  hwt/D  ratios  resailt  In  efespsr  cO'Id-fE-ow 
oratsrsafiid  fongsr  ccsd-ffesw  plu®  titan  SO&lMXisr  loading  and  t/D  ratios 
fSTffll  SSMTitiOl. 

The  cswiBca!  seating  surface  of  all  SO^dsgree  wiriitowi.'switli  1,0  <  t/D  < 
ZO  v*3s  fjHHid  to  fs  coi’ered  with  fine  cracks  extending  into  the  Windows's 
Eirtariof  at  approximately  right  angles  to  the  oonica!!  seating  surixs.  The 
c^th  of  patetraiion  was  in  most  cases  shallotv,  less  than  1/16  irtch.  In  some 
windiftris  a  fracture  piane.  astting  across  the  wfiofe  body  of  the  vrirtdow’.  was 
observed  immediately  bdow  the  trai®  tion  zone  of  the  v/ittdow  where  the 
cylindrical  plug  iof ns  the  conical  windoiv  body  tF^jre  A-3).  There  is  a 
strong  siispidon  that  thb  fracture  s^»rating  the  extruded  plug  from  the 
rest  of  the  windoiv  body  occurred  during  d^essurizatton  when  the  conical 
part  of  the  windoiv  body  could  not  relax  because  the  extruded  plug  was 
wedged  traht  in  the  cylirKlrical  opening.  Because  of  thb  r^raint  on  relaxa- 
tion.  tensile  forces  were  generated  at  the  shape  transition  zone  resulting  in 
the  horizontal  fracture  plarK.  In  all  v.iitdows  tested,  cracks  in  ths  conical 
seating  surface  were  concentrated  in  the  first  80^  to  90%  of  the  vnndow's 
Ihidcness,  n^asured  axially  along  the  conical  bearing  surface  from  the  minor 
diameter  end. 

From  the  observation  of  cold-flow  deformations  and  fractures  in 
the  30<legree  conical  windows  it  appears  that  no  windows  in  the  1.0  <  t/D  < 
ZO  rarge  vrill  be  optically  satisfactory  when  subjected  to  20,000  psi  for 
duration  of  sustained  loading  equal  to  1,000  hours  in  a  DDL  1  type  flange. 

Even  windows  with  t/D  =  ZO  exhibit  excessive  extrusion  and  conical  bearing 
surface  cracking  (Figure  A-5).  Thus  from  an  optical  viewfjoint  it  would 
appear  that  a  30-d^ree  window  for  20,000-psi  long-term,  high-grade  optical 
service  should  have  t/D  >  2.0,  as  only  then  vrill  the  cold-flow  extrusion  and 
the  curvature  of  the  low-pressure  face  be  of  such  small  magnitude  that  the 
optical  properties  of  the  window  will  remain  satisfectory. 

60  Degree.  Ail  60-degree  windows  with  a  t/D  <  0.5  failed  during 
raising  of  the  hydrostatic  pressure  to  20.000  psi.  All  those  with  t/D  <  0.625 
failed  some  time  during  the  sustained  20,000-psi  hydrostatic  loading.  Thus 
no  vWndovi^s  with  t/D  <  0.625  remained  for  inspection  after  the  1 ,000-hour, 
20,000-psi  pressure  loading,  and  all  observations  are  based  only  on  windows 
with  t/D  >  0.75  (Figures  A-6  through  A-12). 

Cold-flow  cratering  of  the  high-pressure  face  was  noticeable  only  in 
60-degree  v^indows  with  0.75  <  t/D  <  1.25  (Figures  A-6,  A-7,  and  A-8);  cold- 
flow  p/M^  extrusion  has  been  observed  on  all  windows  in  the  0.75  <  t/D  < 

2.0  range  (Figures  A-6  through  A-12).  The  magnitude  of  the  cold-flow 
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ctBiering  and  plug  extruaon  spears  to  be  reiaied  to  the  duration  of  load 
application  and  the  window  stA)  ratio  so  lot^g  as  the  ambient  temperature 
is  constant.  Small  t/D  ratios  and  ^.000■lmir  duration  of  loading  produced 
larga*  cold-f  lotiv  deformations  than  large  t/D  ratios,  or  only  5GO-hour  load 
duration. 

In  endows  wnth  0.75  <  tA5  <  1.25.  the  cold-flow  plug  extrusion 
was  accompanied  by  convex  buig'ng  up  of  the  low-pressure  face  of  such 
magnitude  that  considerable  fracturing  of  the  low-pressure  surface  took 
place  (Figures  A-6  and  A-7).  C^cks  in  the  conical  bearing  surface  were 
present  in  all  of  the  windows,  but  those  having  t/D  >  1 .75  were  found  to 
have  only  very  fetiV  minute  cracks  on  the  conical  seating  surface  (Figures 
A-1 1  and  A-12).  These  cracks  on  the  conical  seating  surface  v/ere  concen¬ 
trated  in  the  first  50%  to  60%  of  window  thickness  measured  axially  along 
the  conical  bearing  surface  from  the  window's  minor  diameter. 

From  the  observation  of  ccld-f  low  deformations  and  fractures  in  the 
60-degree  conical  windows,  it  appears  that  only  windov/s  with  t/D  >  2.0 
will  perform  satisfactorily  in  high-grade  optical  systems  when  subjected  to 
20.000  psi  of  sustained  hydrostatic  loading  for  time  periods  equal  to.  or  less 
than,  I.CKX)  hours  in  a  DOL  1  type  flange. 

90  Degree.  All  90-degree  windows  with  t/D  <  0.5  failed  during 
raising  of  the  hydrostatic  pressure  to  20,000  psi.  Most  of  the  windows  with 
t/D  =  0.625  failed  during  the  1,000-hour  loading  under  the  sustained 
20,000-psi  hydrostatic  pressure,  thus  the  main  body  of  obseivatioi“  is 
limited  to  v/indows  with  t/D  >  0.75  (Figures  A-1 3  through  A-19). 

Cold-flow  cratering  of  the  high-pressure  face  was  observed  In  all  of 
the  90-degree  windows  with  t/D  <  1.0  (Figures  A-13,  A-14,  and  A-15).  It 
is  only  with  t/D  >1.0  that  the  cold-flow  cratering  of  the  high-pressure  face 
becomes  so  small  as  to  be  barely  noticeable  (Figures  A-16  through  A-19). 
Cold-flow  plug  extrusion  has  been  observed  on  all  windows  with  t/D  <  2.0. 
The  magnitude  of  the  plug  extrusion  was  found  to  be  related  to  the  duration 
of  pressure  application  and  to  the  window's  t/D  ratio  so  long  as  the  ambient 
temperature  remained  constant.  Both  small  t/D  ratios  and  long  sustained 
pressure  loading  tended  to  Increase  the  magnitude  of  cold  flow.  The  magni¬ 
tude  of  cold-flow  plug  extrusion  on  windows  with  t/D  =  0.75  was  so  great 
that  considerable  bulging  and  cracking  of  the  low-pressure  face  took  place 
(Figure  A-13).  No  cracking  of  the  low-pressure  face  was  observed  with 
windows  in  the  0.875  <  t/D  <  2.0  range  (Figures  A-14  through  A-19).  The 
low-pressure  faces  of  windows  In  the  1.0  <  t/D  <  2.0  range,  instead  of  being 
convex  were  flat  with  a  slightly  raised  edge;  this  edge  created  the  illusion  that 
the  surface  was  slightly  concave. 
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(b)  High-pressure  face. 


Figure  A-1.  Conical  acrylic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
65®F-to-75°F  temperature  range;  30-degree  cone, 
t/D  =  1.0, 1-inch  minor  face  diameter. 


(c)  High-pressure  face  with  grid. 

Figure  A-2.  Conical  acrylic  window  after  constant  hyc 
temperature  range;  30-degree  cone,  t/D  = 


i 

f 

1 


ihydrosta 

3=1.25,^ 


(c)  High-pressure  face  with  grid. 

Figure  A-2.  Conical  acrylic  window  after  constant  hydrostatic  pressure  loading  to  20,000  psi  for  1,000  hours  in  65°F-to.?o°F 
temperature  range;  30-degree  cone,  t/D  =  1,25, 1-inch  minor  face  diameter. 
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(a)  Low-pressure  face. 


(a)  Low-pressure  face. 


(b)  High-pressure  face. 

Figure  A-3.  Conical  acrylic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
65°F-to-75°F  temperature  range;  30<iegree  cone, 
t/D  =  1.5, 1-inch  minor  face  diameter. 


|b)  High-pressure  face. 

Figure  A-4.  Conical  acrylic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
65°F-to-75°F  temperature  range;  30-degree  cone, 
t/D  =  1.75, 1-inch  minor  face  diameter. 


(a)  Low-pressure  face. 


(b)  High-pressure  face. 

Figure  A-4,  Conical  acrylic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
650F-to-75°F  temperature  range;  30-degree  cone, 
t/D  =  1.75, 1-inch  minor  face  diameter. 


(a)  Low-pressure  face. 


(b)  High-pressure  face. 

Figure  A-5.  Conical  acrylic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
650F-to-750F  temperature  range;  30-degree  cone, 
t/D  =  2.0, 1-inch  minor  face  diameter. 
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(a)  Low-pressure  face. 


(b)  High-pressure  face. 

Figure  A-6.  Conical  acrylic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
65°F-to-75°F  temperature  range;  OO  degree  cone, 
t/D  -  0.75, 1-inch  minor  face  diameter. 


(b>  High-pressure  face. 

Figure  A-7.  Conical  acrylic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
65°F-to-75°F  temperature  range;  GO  degree  cone, 
t/D  =  0.875, 1-inch  minor  face  diameter. 


(a)  Low-pressure  face. 


(b)  High-pressure  face. 

Figure  A-7.  Conical  acrylic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
65°F-to-75°F  temperature  range;  60-degree  cone, 
t/D  =  0.875, 1-inch  minor  face  diameter. 


(a)  Low-pressure  face. 


(b)  High-pressure  face. 

Figure  A-8.  Conical  acrylic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
65°F-to-75°F  temperature  range;  60-degree  cone, 
t/D  =  1.0, 1-inch  minor  face  diameter. 


(a)  Low-pressure  face. 


(a)  Low-pressure  face. 


(b)  High-pressure  face. 

Figure  A-8.  Conical  acrylic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
65°F-to-75°F  temperature  range;  60-degree  cone, 
t/D  =  1.0, 1-inch  minor  face  diameter. 


(b)  High-pressure  face. 

Figure  A-9.  Conical  acrylic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
65°F-to-75°F  temperature  range;  60-degree  cone, 
t/D  =  1.25,  1-inch  minor  face  diameter. 
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(a)  Low-pressure  face. 


(b)  High-pressure  face. 

Figure  A-10.  Conical  acrylic  window  after  constant  hydro¬ 
static  pressure  loading  to  20,000  psi  for  1,000 
hours  in  650F-to-750F  temperature  range; 
60-degree  cone,  t/D  =  1.5, 1-inch  minor  face 
diameter. 


(a)  Low-pressure  face. 


(b)  High-pr^jssure  face. 

Figure  A-1 1 .  Conical  acrylic  window  after  constant  hydro¬ 
static  pressure  loading  to  20,000  psi  for  1 ,000 
hours  in  65°F-to-750F  temperature  range; 
60-degree  cone,  t/D  =  1.75, 1-inch  minor  face 
diameter. 


(a)  Low-pi 


(a)  Low-pressure  face. 


a)  Low-pressure  face. 


Conical  aery  High-pressure  face, 
static  pressut  acvl'c  window  after  constant  hydro¬ 
hours  in  65°  Pfessufe  loading  to  20.000  psi  for  1,000 
60-degree  cc  650F-to-750F  temperature  range; 
diameter.  9^®®  t/0  =  1 .75, 1  -inch  minor  face 

ster. 


(b)  High-pressure  face. 

Figure  A-12.  Conical  acrylic  window  after  constant  hydro¬ 
static  pressure  loading  to  20,000  psi  for  1,000 
hours  in  65®F-to-75®F  temperature  range; 
60-c1egree  cone,  t/D  =  2.0, 1-inch  minor  face 
diameter. 


(i]  Lsarfraisare  face. 


6dV5wra(flWj^ii>il»i  t>rr  *ir>arinjr>rriirffca>uie3t. 


(b)  View  of  high-pressure  face  ^sowing  annular  fragment. 


Figure  A-13.  Corned  acrylic  window  after  coisant  hysfrostatic  pressure  ioaduig  to 20.000  psi  for  1 JOOO  hours  in  ^r-to-75°F 
temperature  ra.rge:90<fegree  cone.  t/D>  0.75. 1-snch  minor  face  diameter. 


{b}  High^esfure  face. 


Figure  A'14.  Conical  acrylic  window  after  constant  hydrostatic 
pressure  loading  to 20,000  ps  for  1,000  hours  in 
65®F-to-75®F  temperature  range:  SOdegree  cot»e, 
t/D  >  0.875,  l-inch  minor  face  diameter. 


xessure  ioaeSng  to 20,000  p»  for  1 JOOO  hours  in  ^^-to-75®F 
ich  rnmor  face  diameter. 


(a)  LotvijrtsBvefxe. 


(a)  LxMv-praweiaoe. 


(b!  High-pressure  face. 


jjreA-14,  Conical  aciylic  window  after  constant  hydrostatic 

pressure  loading  to  20,000  psi  for  1,000  hoots  in 
65®F-to-75°F  temperature  range:  &Odegree  cone, 
t/D  »  0575, 1-indi  minor  face  diameter. 


(b)  High-pressure  face. 

Fi^jre  A-15.  Conical  acrylic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
65°F-to-750F  temperature  range;  90<)egree  cone, 
t/D  =  1.0, 1-inc'  inor  face  diameter. 
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(b)  High-pressure  face. 

Figure  A-16.  Conical  acrylic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
65°F-to-75°F  temperature  range;  90-degree  cone, 
t/D  “  1.25, 1-inch  minor  face  diameter. 


(b)  High-pressure  face. 

Figure  A-17.  Conical  acrylic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
65®F-to-75°F  temperature  range;  90-degree  cone, 
t/D  =  1.5, 1-inch  minor  face  diameter. 


(b)  High-pressure  face. 

Fijire  A-17.  Conical  acrylic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
650F-IO-7S0F  temperature  range;  00-degree  cone, 
t/D  *  f.5, 1-inch  minor  face  diameter. 


(b)  High-pressure  face. 

Figure  A-18.  Conical  acrylic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
65°F-to-75°F  temperature  range;  90-degree  cone, 
t/D  »  1 .75, 1  -inch  minor  face  diameter. 


Figure  A-1! 


(a)  Low-pressure  face. 


(a)  Low-pressure  face. 


(b)  High-pressure  face. 

Figure  A'18.  Conical  acrylic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
65°F-to-75°F  temperature  range;  90-degree  cone, 
t/D  =  1.75, 1-inch  minor  face  diameter. 


(b)  High-pressure  face. 

Figure  A-19.  Conical  acrylic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
65°F-to-75°F  temperature  range;  90-degree  cone, 
t/D  =  2.0, 1-inch  minor  face  diameter. 
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A  number  of  surface  cracks  were  observed  on  the  conical  seating 
surface  of  windows  with  t/D  <  0.875.  The  conical  fractures,  an  extension 
of  conical  seating  surface  cracks,  were  found  to  penetrate  the  body  of  the 
window  and  reappear  on  the  window's  high-pressure  face.  1  n  windows  with 
t/D  =  0.75  the  fractures  penetrated  the  body  of  the  window  in  less  than 
500  hours  causing  the  window  to  be  separated  into  two  fragments  {Figure 
A-1 3).  The  same  kind  of  fracture  was  observed  with  windows  of  t/D  =  0.875, 
except  that  in  these  windows  the  fracture  did  not  penetrate  the  body  of  the 
window  completely  in  500  hours.  In  the  windows  with  t/D  =  0.875  it  took 
1,000  hours  of  pressure  application  before  the  fracture  penetrated  the  whole 
body  of  the  window  {Figure  A-14).  For  t/D  ratios  0.75  and  0.875.  the  coni¬ 
cal  fracture  originated  on  the  conical  seating  surface  and  propagated  into  the 
interior  of  the  window  at  approximately  right  angles  to  the  conical  surface. 
When  the  conical  fracture  penetrated  the  whole  thickness  of  the  window 
body  it  reappeared  on  the  vt^indow's  high-pressure  face  on  the  edge  of  the 
cold-flow  crater.  If  the  window  is  subjected  to  a  sufficient  loading  duration, 
complete  fragmentation  of  the  window  into  two  parts  results  {Figure  A-1 3). 
One  part  of  the  window  forms  an  annular  ring  and  ceases  to  act  as  a  load¬ 
carrying  number,  while  the  central  part  of  the  window  becomes  the  sole 
load-carrying  member.  With  time  a  considerable  separation  between 
originally  joined  surfaces  takes  place;  the  central  part  of  the  window 
continues  to  extrude  through  the  flange  opening  while  the  annular  part 
of  the  window  remains  in  the  original  location  with  respect  to  the  flange, 
Windows  with  t/D  >  1.0  did  not  fracture  after  exposure  to  20,000  psi  for 
1,000  hours.  Surface  cracks,  if  present,  were  concentrated  in  the  first  40% 
to  50%  of  the  window's  thickness  measured  axially  along  the  conical  bearing 
surface  from  its  minor  diameter  end. 

From  observation  of  cold-flow  deformations  and  fractures  in 
90-degree  conical  windows,  it  appears  that  only  windows  with  t/D  >  2.0 
will  perform  satisfactorily  in  a  high-grade  optical  system  when  subjected  to 
20,000  psi  of  hydrostatic  loading  for  time  periods  equal  to  or  less  than 
1,000  hours  in  a  DO  L  1  type  flange. 

120  Degree.  All  120-degree  windows  with  t/D  =  0.5  failed  during 
raising  of  the  pressure  to  20,000  psi,  while  most  of  the  windows  with  t/D  = 
0.625  failed  during  1 ,000  hours  of  20,000-psi  hydrostatic  loading.  Thus, 
comments  on  windows  removed  from  the  vessel  after  long-term  pressuriza¬ 
tion  are  limited  to  windows  with  0.75  <  t/D  <  2.0  (Figures  A-20  through 
A-26). 

Cold-flow  cratering  of  the  high-pressure  face  was  observed  on  all 
120-degree  windows  Vv^ith  t/D  <  1.0  {Figures  A-21  and  A-22).  Only  windows 
with  t/D  >  1.25  did  not  show  any  noticeable  cold-flow  craters  (Figures  A-23, 
A-24,  and  A-26).  Cold-flow  plug  extrusion  was  observed  on  all  the  windows 
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with  t/D  <  2.0,  and  the-magnitude  of  the  extrusion  appeared  to  be  related  to 
the  duration  of  loading  and  window's  t/D  ratio  so  long  as  the  temperature 
remained  constant.  Both  long  duration  of  sustained  pressure  loading  and 
stnall  t/D  ratios  increased  the  magnitude  of  cold  flow.  The  magnitude  of 
plug  extrusion  In  windows  with  t/D  =  0.75  was  so  great  that  deformation 
of  the  low-pressure  face  took  place  {Figure  A-20).  The  resulting  convex  sur¬ 
face  of  the  low-pressure  face  was  cracked  in  many  places.  No  cracks  were 
observed  on  the  low-pressure  faces  of  windows  with  t/D  >  0.875  (Figures 
A-21  through  A-26). 

Considerable  cracking  and  fracturing  was  observed  in  windows  with 
a  t/D  <  0.75.  The  conical  seating  surface  cracks  extended  through  the  body  of 
the  window  and  reappeared  on  the  window's  high-pressure  face.  In  windows 
with  t/D  =  0.75,  the  conical  fracture  penetrated  the  body  of  the  window 
completely  in  less  than  500  hours  of  load  application  causing  the  window 
to  separate  into  two  fragments  (Figure  A-20).  After  the  window  had  frag¬ 
mented  into  two  parts,  only  the  central  part  of  the  window  continued  to 
carry  the  load  while  the  annular  fragment  remained  in  its  original  position 
with  respect  to  the  flange.  In  windows  with  0.75  <  t/D  <  1 .0,  cracks  were 
present  on  the  conical  seating  surfaces,  but  did  not  penetrate  through  the 
whole  body  of  the  window,  in  some  of  the  0.875  and  1.0  t/D  ratio  windows, 
the  conical  fracture  was  already  well  initiated  on  the  conical  seating  surface 
after  the  1 ,000-hour  loading  (Figure  A-22),  while  in  windows  with  a  t/D  < 

1.5  only  pronounced  cracks  were  present  at  that  location  (Figures  A-23  and 
A-24).  Hairline  cracks  on  the  conical  seating  surface  were  found  even  in 
windows  with  t/D  =  2.0  (Figure  A-26).  All  cracks  in  the  conical  seating 
surface  appeared  in  the  first  10%  to  20%  of  the  window's  thickness  measuring 
axially  along  the  conical  bearing  surface  from  the  minor  diameter  of  the  win¬ 
dow. 

From  the  observation  of  cold-flow  deformations  and  fractures  in 
120-degree  conical  windows,  it  appears  that  only  windows  with  t/D  >  1.75 
will  perform  optically  in  a  satisfactory  manner  when  subjected  to  20,000 
psi  of  hydrostatic  loading  for  time  periods  equal  to  or  less  than  1 ,000  hours 
in  a  DOL  1  type  flange. 

150  Degree.  All  1 50-degree  windows  with  t/D  =  0.5  failed  during 
raising  of  the  hydrostatic  pressure  to  20,000  pSi.  Most  of  the  windows  with 
t/D  =  0.625  failed  during  the  1,000-hour,  sustained  20,000-psi  hydrostatic 
pressure.  Thus,  the  main  body  of  observations  is  limited  to  windows  with 
0.75  <  t/D  <  2.0  (Figures  A-27  through  A-30). 
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(b)  Low-pressure  face  (disassembled). 


(b)  High-pressure  face. 


Figure  A-20.  Conical  Krylic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
65°F-to-75°F  temperature  range;  120-degree  cone, 
t/D  »  0.75, 1-inch  minor  face  diameter. 


Figure  A-21.  Conical  acrylic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
65°F-to-750F  temperature  range;  120  degree  cone, 
t/D  “  0.875, 1-inr.h  minor  face  diameter. 


a'«x  *  ■  ■ 


(b)  High-pressure  face. 


(b)  High-pressure  face. 


Figure  A-21.  Conical  acryiic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
65°F-to-75®F  temperature  range;  120-degree  cone, 
t/0  "  0.875, 1-inch  minor  face  diameter. 


Figure  A-22.  Conical  acrylic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
650F-to-750F  temperature  range;  120degreecone, 
t/D  =  1.0, 1-inch  minor  face  diameter. 


(b)  High-pressure  face. 


(b)  High-pressure  face. 


Figure  A-22.  Conical  acrylic  window  after  constant  hydrostatic  Figure  A-23. 

pressure  loading  to  20,000  psi  for  1,000  hours  in 
65°F-to-75''F  temperature  range;  120-degreocone, 
l/D  »  1.0, 1-Inch  minor  face  diameter. 


Conical  acryiic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
65®F-to-75°F  temperature  range;  120-degree  cone, 
t/D  =  1.25,  l-inch  minor  face  diameter. 


(a)  Low-pressure  face. 


(b)  High-pressure  face. 


Figure  A-25.  Conical  acrylic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
650F-to-75°F  temperature  range;  120-degree  cone, 
t/D  =  1,75,  l-inch  minor  face  diameter. 


a)  Low-pressure  tace. 


(a)  Low-pressure  face. 


(b)  High-pressure  face. 


igureA-26.  Cor  window  after  constapl  hydrostatic 

pre;  loading  to  23,000  psi  for  1,000  hours  in 
65C  •75°F  temperature  range;  120-degree  cone, 
xjo  ?5, 1-inch  minor  face  diameter. 


(b)  High-pressure  face. 

Figure  A-26.  Conical  acrylic  window  after  constant  hydrostatic 
pressure  loading  to  20,000  psi  for  1,000  hours  in 
65°F-to-75°F  temperature  range;  120-degree  cone, 
t/D  »  2.0, 1-inch  minor  face  diameter. 


(b)  H^h-pressure  face. 


Figure  A-27.  Conical  acrylic  window  after  constant  hydrostadc  pressure  loading  to  20,000  psi  for  1,000 
hours  in  65°F-to-750F  temperature  range;  150-degree  cone,  t/D  =  1.0, 1-inch  minor  face 
diameter. 


I  to  20.000  psi  for  1.000 
1,0, 1-inch  minor  face 


U)  LoMr-praanfKtL 


(b)  Hi^-pressure  face. 


!  A-28.  Conical  acrylic  window  after  constant  hydrostatic  pressure  loading  to 
20.000  psi  for  1.000  hours  in  65°F-to-75°F  temperature  range; 
150<legree  cone.  t/D  =  0.875. 1-inch  minor  face  diameter. 
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(a)  Lowiresture  face. 


(b)  High-pressure  face. 


Figure  A-29.  Conical  acrylic  window  after  constant  hydrostatic  pressure  loading  to  20.000  psi 
for  1,000  hours  in  65®-to-75°F  temperature  range;  150-degree  cone, 
t/D  =  1.0, 1-inch  minor  face  diameter. 


(a)  Low-pressure  face. 


(b)  High-pressure  face. 


Figure  A-30.  Conical  acrylic  window  after  constant  hydrostatic  pressure  loading  to  20,000  psi  for 
1,000  hours  in  65°F-to-75°F  temperature  range;  150-degrce  cone,  t/D  =  2.0, 1-inch 
minor  face  diameter. 
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CoM-ilwi  cratering  of  the  high-pressure  face  v/as  cbser«^  in  all  of 
the  150-d^ree  windows  with  t/D  <1.0  (Figures  A-27  and  A-28).  It  is  only 
with  t/D  >1.0  that  the  cold-flow  cratering  of  the  high-pressure  face  becomes 
so  small  as  to  be  barely  noticeable  (Figures  A-29  and  A-30). 

Cold-flow  plug  extrusion  h^  been  observed  on  ail  windows  with 
t/D  <  2.0.  The  m^nitude  of  the  plug  extru^on  was  found  to  be  related 
both  to  the  duration  of  pressure  application  and  a  window's  t/D  ratio;  long 
pressure  applications  and  small  t/D  ratios  resulted  in  large  magnitudes  of 
cold  flow.  The  magnitude  of  oald-flow  plug  extrusion  on  windovs  with 
t/D  =  0.75  was  so  large  that  considerable  cradcir^  of  the  low-pressure  face 
v<as  observed  (Figure  A-27).  Windows  with  t/D  =  0.875  did  not  exhibit  any 
cratdcing  of  the  loiv-pressure  face  (Figure  A-28).  The  low-pressure  faces  of 
windows  v^'th  0.875  <  t/D  <  1.0  exhibited  a  raised  edge  around  their  cir¬ 
cumference  giving  those  faces  the  appearance  of  a  slightly  concave  surface. 
The  height  of  the  raised  edges  was  in  the  0.01-to-0.02-inch  range,  while 
the  diameter  of  the  flat  surface  on  the  low-pressure  face  was  in  the  0.875- 
to-0.75-inch  range.  Only  windows  with  t/D  =  2.0  did  not  exhibit  any 
distortion  of  the  low-pressure  face.  The  face  of  these  windows  was 
essentially  flat  after  1 ,000  hours  of  20.000-psi  pressure. 

Considerable  surface  cracking  and  fracturing  of  the  window  body 
was  observed  on  the  conical  seating  surface  of  windows  with  t/D  <  0.875. 
The  conical  fracture,  an  extension  of  cracks  on  the  conical  seating  surface, 
penetrated  the  whole  thickness  of  the  window  with  t/D  <  0.75  in  less  than 
500  hours,  reappearing  on  the  high-pressure  face  (Figure  A-27).  In  windows 
with  t/D  =  0.875,  the  conical  fracture  does  not  penetrate  the  whole  thickness 
of  the  window  even  in  1 ,000  hours.  Cracks  on  the  conical  seating  surface 
v.ere  generally  concentrated  In  the  first  5%  to  10%  of  the  window's  thickness 
measured  axially  along  the  conical  bearing  surface  from  the  minor  diameter 
of  the  window. 

From  the  observation  of  cold-flow  deformations  and  fractures  in 
150-degree  conical  windows,  it  appears  that  only  windows  with  t/D  >1.5 
will  be  optically  satisfactory  when  subjected  to  20,000  psi  of  sustained 
hydrostatic  loading  for  time  periods  equal  to,  or  less  than  1 ,000  hours  in 
aDOL  1  type  flange. 


4-Inch-Diameter  Conical  Windows 

Because  of  limited  pressure  vessel  time  available  at  the  Deep  Ocean 
Laboratory  for  windows  requiring  vessels  with  an  internal  diameter  of  18 
inches  and  pressure  capability  of  20,000  psi,  only  one  thickness-to-diameter 
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ratio  {t/D  =  1 .0)  was  invest^ated  for  fuH-scale  4-inch-diameter  windows  with 
30-.  60-,  and  QO-degree  conical  angles.  Although  the  test  results  from  full- 
scale  windows  of  30-,  60-,  or  90-degree  conical  angle  and  a  single  t/D  ratio 
cannot  serve  as  an  adequate  statistical  sample  for  comparison  with  test 
results  obtained  for  model  windov^s  having  30-,  60-,  90-,  120-,  and  150- 
d^ree  angles  in  the  0.625  <  t/D  <  2.0  range,  they  serve  as  a  useful  scaling 
validity  indicator. 

Displacements.  In  general  the  axial  displacement,  cold-flow  cratering, 
plug  extrusion,  and  distribution  of  cracks  in  the  low-pressure  face  and  conical 
bearing  surface  v/ere  found  to  be  very  similar  to  those  found  in  model  Vi/in- 
dows  of  1-inch  diameter  and  t/D  =  1.0.  Good  correlation  for  the  relative 
magnitude  (with  reject  to  window's  low-pressure  face  diameter)  of  axial 
displacement  was  found  between  1-  and  4-inch-diameter  windows  v/ith 
SO-  and  90-degree  conical  angle  and  t/D  =  1.0.  The  correlation  of  relative 
axial  displacement  magnitudes  was  only  fair  for  the  30-degree  windows. 

This  is  not  surprising,  as  the  response  of  t/D  =1.0  windows  with  this  angle 
to  20,000-psi  long-term  pressure  loading  has  been  found  to  vary  greatly 
from  one  model  window  test  specimen  to  another.  Hov/ever,  the  relative 
magnitude  of  displacements  in  the  full-scale  30-degree  conical  angle  window 
falls  within  the  range  of  displacements  for  model  windows. 

When  one  takes  into  consideration  that  the  displacements  of  full-scale 
4-inch-diameter  windows  with  30-,  60-,  or  90-degree  conical  angle  and 
t/Do  =  1.0  have  been  found  to  be  approximately  four  times  larger  than  those 
of  corresponding  1 -inch-diameter  model  windows,  it  becomes  apparent  that 
linear  scaling  of  displacement  data  obtained  in  this  study  with  model  windows 
is  feasible  and  can  serve  as  a  valuable  tool  in  predicting  the  behavior  of 
windows  of  any  diameter.  In  each  case,  the  comparison  must  be  made 
between  windows  of  same  t/D  ratio  and  conical  angle  that  have  been 
subjected  to  identical  parameters  of  pressure,  temperature,  and  loading 
duration  in  the  DOL  1  flange  configuration. 

Cold-Flow  Effects.  The  relative  magnitude  of  permanent  plug 
extrusion  on  the  low-pressure  face  and  the  cold-flow  cratering  on  the  high- 
pressure  fao3  has  been  found  to  be  approximately  the  same  for  full-scale 
windows  as  for  1-inch-diameter  model  windows  of  t/D  =  1 .0.  Similarly, 
the  distribution  of  cracks  on  the  conical  bearing  surface  and  on  the  low- 
pressure  face  was  about  the  same  as  for  the  model  windows  of  t/D  =  1 .0. 

The  relative  magnitude  of  crack  depth  was  similar  to  model  windows 
only  for  30-  and  60-degree  full-scale  windov^/s  (Figures  A-31  and  A-32).  For 
the  90-degree  full-scale  windows,  the  relative  depth  of  crack  penetration 
into  the  body  of  the  window  was  considerably  greater  (Figure  A-33).  Both 
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in  the  depth  of  penetration,  as  well  as  in  appearance  and  location,  the  single 
major  crack  located  in  the  bearing  surface  of  the  window  had  the  characteris¬ 
tics  of  the  crack  found  in  model  windows  with  0.875  <  t/D  <  1.0.  This  may 
indicate  either  that  the  ntaterial  and/or  machining  of  the  90-d^ree  full-scale 
windows  were  slightly  different  from  that  of  the  mode"  windows  of  same 
angle  and  t/D  ratio,  or  that  some  unknown  and  unaccounted  variable  entered 
during  the  testing  of  full-scale  90-degree  windows. 

In  general  the  obser\'ed  deformations,  cracks,  and  axial  di^lacements 
of  the  full-scale  windows  possessed  enough  similarity  a.nd  were  of  the  proper 
relative  magnitude  to  establisn  confidence  in  tfie  applicability  of  data  gener¬ 
ated  with  model  windows. 

Low-Temperature  Effects.  All  of  the  tests  described  thus  far  in  this 
appendix  v;ere  conducted  at  room  temperature  (between  65°F  and  75°F). 
Operating  in  this  temperature  range  made  it  unnecessary  to  utilize  temperature- 
control  equipment,  thus  considerably  increasing  the  reliability  of  long-term 
tests.  Also  the  results  of  tests  conducted  on  temperature-sensitive  acrylic 
windows  in  65°F-to-75°F  temperature  range  have  indicated^*  ^  that  this 
temperature  range  represents  a  more  severe  window-deformation  environment 
under  short-term  loading  conditions  than  would  be  encountered  in  the  con¬ 
siderably  colder  ocean  depths,  thus  making  the  experimental  data  obtained 
at  room  temperature  conservative  for  applications  in  the  32°F-to-40°F 
temperature  range. 

Even  though  the  experimental  data  were  known  to  be  conservative,  in 
order  to  define  at  least  qualitatively  the  difference  In  magnitudes  of  window 
deformation  measured  in  the  65°F-to-75°F  range  and  those  expected  in  32°F- 
to-40°F  range,  five  4-lnch-diameter,  90-degree  windows  with  t/D  =1.0  were 
subjected  to  20,000-psi  hydrostatic  pressure  for  1,000  hours  in  the  30°F-to- 
35°F  temperature  range.  The  comparison  of  deformations  in  these  windows 
tested  in  the  low-temperature  range  and  those  previously  tested  in  the  room 
temperature  range  constitute  the  basis  for  the  following  discussion  of 
temperature  effects  on  window  deformation  (Figure  13a). 

The  deformation  of  the  4-inch-diameter,  90-degree  windows  with 
t/D  =  1.0  after  sustained  pressure  loading  to  20,000  psi  in  30°F-to-35°F 
temperature  range  for  1 ,000  hours  was  found  to  be  less  than  that  of 
comparable  windows  tested  under  identical  conditions  except  for  temperature, 
which  was  in  the  65°F-to-75°F  range  (Figure  A-33).  Both  the  length  of  plug 
extrusion  on  the  low-pressure  face  and  the  depth  of  cold-flow  cratering  on 
the  high-pressure  face  were  noticeably  less  than  in  the  windows  tested  at 
room  temperature.  Comparison  of  measurements  taken  on  the  room- 
temperature  and  low-temperature  test  windows  has  shown  that  the  plug 
extrusion  of  the  low-temperature  test  windows  was  approximately  30%  to 
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409o  less  than  in  room-temperature  test  window/s.  This  compares  quite 
favorably  v/ith  the  predicted  difference  of  extrusion  based  on  strains 
measured  in  acrylic  tensile  test  specimens  under  different  temperatures. 

Slightly  fewer  cracks  in  the  conical  bearing  surface  of  windows  were 
observed  in  window  specimens  used  in  the  low-temperature  tests  than  in  the 
^cimens  tested  at  room  temperature.  In  all  probability  this  is  due  to  the 
lesser  magnitude  of  plug  extrusion  found  in  the  low-temperature  test  win¬ 
dows  than  in  room-temperature  test  windows.  Since  the  resistance  to  aack 
propagation  of  acrylic  plastic  does  not  decrease  significantly  with  terhpera- 
ture  in  the  65°F-to-30®F  range,  the  low-temperature  test  conditions  did  not 
Impose  a  more  severe  test  environment  (one  that  would  enhance  the  propa¬ 
gation  of  cracks)  than  did  the  room-temperature  test  conditions. 

It  appears  then  that  the  room-temperature  test  condition  to  which 
the  windows  in  the  main  body  of  this  program  were  subjected  represents  a 
more  severe  test  condition  than  will  be  ever  encountered  by  such  windows 
in  the  30®F-to-35°F  temperature  range  commonly  found  at  ocean  depths 
in  excess  of  10,000  feet.  However,  even  though  the  data  from  this  study 
are  known  to  be  conservative,  the  reduction  in  severity  of  distortion  in  the 
low-temperature  range  for  acrylic  windows  other  than  those  with  90-degree 
included  angles  and  t/D  =  1.0  cannot  be  forecast  in  the  absence  of  specific 
data. 


(b)  View  into  the  window's  interior  through  the  high-pressure  f 

Figure  A-31,  Conical  acrylic  window  after  constant  hydrostatic  pressure  loading  to  20, C 
temperature  range;  30-degree  cone,  t/D  =  1.0, 4-inch  minor  face  diameter. 


(b)  View  into  the  window's  interior  through  the  high-pressure 


Figure  A-32.  Conical  acrylic  window  after  constant  hydrostatic  pressure  loading  to  20 
temperature  range;  60-degree  cone,  t/D  =  1.0, 4-inch  minor  face  diamete 


lessure  face 

to  20,000 
Meter. 


or  through  the  high-pressure  face. 

I 

[static  pressure  loading  to  20,000  psi  for  1 ,000  hours  in  65°F-to-75°F 
|l,  4-inch  minor  face  diameter. 


|c)  High-pressure  face. 
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(b)  View  into  the  window's  interior  through  the 
high-pressure  face. 


Figure  A-33.  Conical  acrylic  window  after  constant  hydrostatic  pressure  loading  to  20,000 
temperature  range;  90-degree  cone,  t/D  =  1.0, 4-inch  minor  face  diameter. 


(c)  High-pressure  face. 


(b)  View  into  the  window's  interior  through  the 
high-pressure  face. 

I 

jow  after  constant  hydrostatic  pressure  loading  to  20,000  psi  for  1 ,000  hours  in  65°F-to-75°F 
jQO-degree  cone,  t/D  =  1 .0, 4-inch  minor  face  diameter. 
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Appendix  B 

DESIGN  OF  WINDOW  AND  FLANGE  SYSTEMS  FOR 
LONG-TERM  LOADING  AT  20.000-PSI  PRESSURE 


INTRODUCTION 

When  the  data  generated  in  this  study  are  to  be  applied  to  the  design 
of  windows  for  deep-submergence  systems,  several  design  and  operatfonal 
parameters  must  be  carefully  evaluated.  The  most  important  operational 
parameter  that  must  be  considered  is  the  type  of  pressure  loading  to  which 
the  pressure-resistant  structures  with  windows  will  be  subjected.  For  ease 
of  discussion,  hydrostatic  pressure  loadings  can  be  classified  into  four  general 
categories.  These  loading  categories  are  (1)  static  short-term,  (2)  sustained 
long-term,  (3)  cyclical,  and  (4)  dynamic. 

The  short-term  static  pressure  loading  has  been  defined  as  a  continuous 
pressure  rise  at  some  arbitrarily  set  pressure  rise  rate  until  a  predetermined 
pressure  is  reached,  upon  which  the  pressure  is  released  at  the  same  rate.  The 
pressure  rise  rate  selected  for  NCEL  window  studies^*  ^  was  650  psi/min. 

Long-term  sustained  pressure  loading  is  defined  here  as  raising  the 
pressure  at  some  set  rate  to  a  predetermined  pressure  level  and  holding  it 
there  for  the  whole  duration  of  the  mission.  Depending  on  the  duration  of 
the  constant  pressure  application,  the  long-term  pressure  loading  is  further 
defined  by  the  number  of  hours,  or  days  that  it  is  maintained  on  the  window. 

Cyclical  pressure  loading  is  defined  as  varying  the  pressure  between 
arbitrary  maximum  and  minimum  pressure  levels  with  the  period  of  pressure 
fluctuation  being  either  constant  or  variable. 

Dynamic  pressure  loading  depends  for  its  definition  on  the  arbitrary 
dividing  line  between  short-term  static  and  dynamic  pressure  rise  rate,  which 
for  windows  used  in  submersibles  probably  can  be  placed  at  5,000  psi/min. 

The  dynamic  pressure  application  may  be  short-term  if  applied  once  or 
cyclical  if  applied  repeatedly. 


WINDOWS 

Selection  of  t/D  Ratios 

The  data  that  have  been  generated  in  this  study  are  applicable  directly 
with  some  extrapolation  only  to  desi^  of  truncated  cone  acrylic  windows 
under  short-term  or  long-term  loading  at  20,000  psi,  since  the  test  specimens 
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in  this  study  underwent  short-term  pressurization  at  the  rate  of  650  psi/min 
followed  by  long-term  steady  pressure  loading  at  20,000  psi.  On  the  basis 
of  this  data  some  guidelines  can  be  suggested  for  the  benefit  of  the  engineer 
designing  acrylic  hydrospace  windows  of  truncated  cone  shape  for  a  one¬ 
time,  long-term-pressurization  to  20,000  pSi  in  the  32°F-to-75°F  temperature 
range. 

DesigntGuideline  1.  The  recommended  t/D  ratios  tabulated  below  are  for 
mechanical  applications  in  which  the  acrylic  truncated  cone  is  utilized  simply  as  a 
self-energizing  long-term  timing  device  whose  time-dependent  displacement  under 
external  hydrostatic  pressure  is  utilized  to  actuate  mechanicaj,  hydraulic,  or  electric 
devices  that  in  turn  cause  the  pressurized  structure  to  perform  some  function.  These 
t/D  ratios  have  been  selected  to  provide  maximum  time-dependent  axial  displacement 
without  catastrophic  failure  in  the  indicated  duration  of  loading. 


Flange 

Included  Conical 
Angle  (deg) 

t/D  Ratio  for  Sustained  Loading  Period  of— 

1  Hour 

100  Hours 

1 ,000  Hours 

100,000  Hours 

(See  Design 
Guideline  4) 

30 

60 

90* 

120* 

150* 

1.25 

0.75 

1.25 

0.875 

1.25 

0.875 

1.25 

1 

*  Note  recommended  for  time-dependent  device  actuator  applications  because  of 
insufficient  axial  displacement  for  high  t/D  ratios  and  considerable  fracturing  at 
low  t/D  ratios. 


The  30-degree  included  angle  is  considered  to  be  the  most  desirable 
as  it  causes  the  acrylic  plug  to  have  a  very  large  axial  displacement  without 
the  considerable  internal  fracturing  that  is  generally  accompanied  by  jerkiness 
in  the  rate  of  displacement.  The  magnitude  of  axial  displacement  for  t/D 
ratios  chosen  at  75°F  and  20,000  psi  ranges  between  0.2  and  0.6  of  the 
diameter  at  the  end  of  the  recommended  loading  periods.  After  each  pres¬ 
surization,  the  acrylic  plugs  must  be  replaced  with  new  ones. 

When  acrylic  truncated  cone  plugs  are  used  as  time-dependent  device 
actuators  for  unmanned  structures  placed  in  the  deep  ocean,  the  displace¬ 
ment  curves  presented  in  this  report  for  the  DDL  1  flange  should  be  modified 
by  a  factor  that  takes  into  consideration  the  effect  of  low  temperatures  at 
the  place  of  submergence.  Without  such  a  factor,  the  actual  displacements 
of  acrylic  plugs  under  low  ambient  temperatures  will  be  found  to  be  signif¬ 
icantly  less  than  those  shown  in  the  report. 


54 


«f  tS®  aorj,-  fjz  gi&gs  are  osesS  tiscfes-  garassjras  fees  tSaia  2®jG‘!ji0  p®, 
d^CaoesTfisti  oitJvsswit-i  8ia*s  tis  fee  dasiispgd  ifesi  wkD  t^ke  tSre  Essser  pres- 
sare  cKs  aixamiL  Rnsssaare  fesre^  Sfvosr  tfeass  IS.C'II®  pja  vrTi  reGSit^re 

lire  sBfei33!ni  cf  fesaer  ttD  rei'-ss  araST air  caabasl  aro^  t®  parts  l!re  p'ag  ts 
([E^!!are  sjjifkrenii^/ 1®  seiTie  as  a  t5rre<Jgr«r!i:fe!ai  jfei-^re  aE£:i^ 


Desjgm GuUefinc2. 

<!r<asj3ssreor  far  urxraarrei  eapaciesand  rcra^aftiaifrgTaritecptiiS  fers.  fesdi^S^s-isn 
ggfesaad  car  far  arsd^pencSgti  arjaiaaL  rflawerer.niafficSspCScar^^ 
r3Ganz3dg»ft:kr:igg:a33appSgagrsgaafar^^»gafeGp:rB2Japp[^(^^  V&er-, 
used  to  K  JrranaK.  mraat"  Tiabfe  (feaitSom  (rf  da  winiiawls  h^>l?«sanB  and 
facesaswsDassw^dfc  j£CKJfflSs(per!rc!snife.ro&ar^asf3aciareng(3nesta35;t^fcep&re 
0!it!5ew«a!5a»1s5r3ra3rt!^wa;,Wsarl>ri:g^/Er5pe&t?®t:3:srSB5Dn(i56^rL  Att?® 
20.®3S'-f!a  pressars  fe-rS®  22^073^  etrperararg  c»?ge,  tr®  aro^pt^-fe  rriaren 
t/D  82X>ss  ftsse  cfigi^^oaresTts  rf  tess  tSsn  0,15  D  far  SS-tS^fse,  02  D  far  ei^^Savse.  and 
02  D  far  aJ-j^cse  wfniiawsfr  a  speiffei  tine  spam. 


FEanoe 

Erictjdsd  CteKsG 

tiD  Easis  fuir  Saac^^i  ijcJdrg  Parrad  «r5 — 

A";cj2(,ifes3 

IBccr 

XSOKccas 

IjDSOKcsas 

tCOjKSO  K-EcErs 

3D 

>15 

>15 

>1.75 

>2© 

fSestfes^ 

G’.:sd5:««®51 

60 

>1.0 

>i5 

>125 

>15 

go 

12G* 

>1jQ 

>1.0 

>125 

>125 

150* 

*  hciii  feaxrsnssi^  fcf  ilisn'.raicn  transrrisssoo  bssacse  c?  ccnssdarafofe  fiactj^ing 
ar  Soiw  t/D  latics.  vAnte  hizh  t/D  felits  rnsks  vAsdws  too  botky. 


After  eadi  ixessurization  o»  tbs  structure  utt^  with  acrylic  v^mJov.s, 
the  v.iridows  must  be  replared  as  otherv.iss  ttrey  may  fal  at  pressures  less 
than  20,000  pa  upon  repressurization. 

The  t/D  ration  ;cceptcb]e  for  20,000-psi  long-term  loading  of  ^sedfied 
duration  are  also  applicable  without  any  modification  as  dedrab'e  conservathre 
ratios  for  long-tei.n  pressure  loading  in  the  15.000 <  p  <  20.000-psi  pr^sure 
range  and  the  32°F-to-75°F  temperature  range. 

Design  Guideline  3.  When  tte  truncated  cone  acrylic  v/indo«is  seiveash^h-grade 
optical  lenses  for  visual  observation  of  hydrospsce  out^e  a  submersbie's  pressure  hull  or 
the  observation  of  simulated  hvilrospace  ina'de  a  fwessure  vessel,  only  minute  distortion 
of  viewing  surfaces  can  be  tolerated.  Because  of  these  tclerance  linrdtations,  the  accspt^Ie 
t/D  ratios  are  drastically  different  from  those  ^propriate  for  the  tiprteKJependent  device 
actuator  and  illumination  transmitter  described  in  guidelines  1  and  3. 
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aoryJ:!  wf  rtdiisitis  nave  foest  ssfersiS  af£er  a  cc'nssiSseiKij?  cf  ifinee 

parsmeiars cf  fefCTKanre  cjs  ogieraaffinsf  wwsfoiv  parfcirKasMe:  (II  niiagjisisi:^® 
cf  axE^  •£sf!:atscssstt  durfmg  'tfse  fa^s-tenra  p5SSSMre  tnaircg.  (21  sf^dKnnsSfon 
cf  hisSi-  aid  cf  Fmv-prgsarre  feres,  ainl  (33  roagsuadfife  ©f  peceifalccn  asKl 
foraircrs  cf  crecJcs  C9S  tSie  cc5i:ra!l  aafece  diErmg  iEk  sajs!a:ced  f csdrcg.  SdJice 
fj  tsviTt'iKllE'y  cjcprssiife,  re^dSessoft^  lalco  an^d  angfe  dtssen,  to  cccn- 

e':rr:3Taie  tcjne-d^jaidarii  cc!d  fEsw  cf  iiie  acr/EIc  pJasicc  at  20.0!M)-pS3 
hydrcsia:'!:  piccarre,  an  ecgfi^srfiig  was  mads  oo  wfiat  cccstiidst^s 

nrrEcJmaTn  ^o^tabfe  pafcs'nruaacs  of  acrycic  wicdovv  frodti  the  optfra' 
ar^d  safety  waw-poross. 

A  wlisdiJiv  es  csiresdered  to  be  safe  for  iranned  cp^tton  if  dunce  a 
segEe  sus!a:5^  pressure  loading  of  W,QQO  pa  in  tte  32®F'to-75®F  range 
for  the  spedfeed  maximum  duration  no  cesds  csr  crazing  Viisre  present  on 
the  h:Gh-  and  lcv/-pressure  feces,  v.bife  the  conical  bearing  surface  exhibited 
only  mincer  crazing,  or  cracking  less  than  0.010-irtcb  deep.  Tola!  axial  dis¬ 
placement  in  the  raj'ige  of  0.G5  D  to  0.1  D  at  the  end  of  the  ^jecified  period 
of  loading  presents  no  operational  difficulties  fw  the  observer.  The  windo^.v 
is  optically  acceptable  if  it  causes  no  distortion  of  viewed  objects  in  hydro- 
space  for  an  observer  whose  eyes  are  within  10  inches  of  the  low-pressure 
face. 

The  t/D  ratios  acceptable  for  windows  in  optical  applications  under 
long-term  pressure  loading  of  20,000  psi  in  32°F-to-75®F  range  are  also 
applicable  without  any  rr<odification  as  desirable  conservative  ratios  for 
long-term  pressure  loading  in  the  15,000<  p<  20,000-pS!  range  pressure 
and  32°F-to-75°F  temprerature  range. 

It  is  understood,  of  course,  that  design  guideline  3  can  be  applied 
to  dimensionirg  of  illumination  transmission  windows  used  in  unmanned 
capsules  if  the  dKigner  so  desires,  resulting  in  illumination  transmission 
windows  with  very  little  optica!  distortion. 


Appficabifrty  of  Data  to  Other  Loading  Condftioos 

As  pffffiviKjsSy  EsiesiiiiJjuied,  i±e  esEperr^ieiTislI  cfeia  genargtsiS  era  iSi'is 
giisiSy  ES  ^ifftiriafcfe  VAsfe  ffcasasafefe  gasSJ^^jcfeiTsss  cci  ly  to  3  sengte  cr 

Jang-tsrmi  sssl&c  gwessccre  Esad^rg  as  20.03'9  ps.  Hvmexee.  dnicsv&r^ 

£fe;a  Es  msfiv  a’^Eafcfe  far  tbe  dss^.  of  wtskSssks  SEti^aried  feiras-tsrEn 

tcad  :rag  gl  cdjer  piressiares  tfiass  tirase  Ltsed  tra  tsis  SLiify,  snme  dsagnefs 
.-ng-/  fee  tsnnpaiS  ta  base  tb&r  se^fecsiieis  of  Vi^idoiv  prcpijrirDfiTS  ora  tSie  das 
frcrastSisslasify-  Tt^ is noi recommended.  TbeiaeX.z^i'Of  eiS^;)ss&7QtiD 
fgiiss  fircrras  ths  Swiiy  fsf  o:tief  pfessine  Eevel^  haife  no!  yei  b^ra  daveJifpod. 
St'iiGss  are  inncfewiay  a*  fiCEL  iSiai  v3l  prcmde-ihis  aifermnsiccn  fc-r 
lO.OH'D-iiffl  ^plrssSciis.  Tbe  resaiEs  of  Ernig-tefKa  pfessicre  siiiady  at  lO.OC'D 
ps  vv][]  fee  pciSi!3siiedl  Era  teie  1^^.  vA:!s  tbe  resu2tsfr«m  stuedy  ai  5.(MMS  psa 
V4'^tl  be  asi!^5e  Era  earEy  1970. 

It  fs  recsrairaieiraded  as  cperaiEuraa'iCy  dsssiabte  tbsl  tbe  lEcnErarinra 
raiEos  accepIabUe  for  20.01}0-pa  Ecrag-teim  pressure  Eoadra^  also  be  vssi  for 
pressures  Era  the  f5.(MM)-LO-^.(Ki0-pa  raii^  TbEscrangs  Era  long-term 
cperaicojral  staiEc  pressure  rm^nitude  vrJM  n^e  it  p>ossb!e  to  proof-test 
su'd!  v.-ndirAS  to  20.000  pa  VjiitGOiit  daireagEng  thewEstdov*s. 

Tbe  experimaaial  data  cf  this  report  a2so  atould  not  fce  itsad  for 
the  direct  selectEtsn  of  v.^radow  proporttcrasfor  ^plEcatEons  v.itere  tis  wndoiv 
is  sub'scied  to  cyclic  shcat-ierm  or  long-term  pressurizatEonsL  CautEcra  is 
advised  here  fe^suse  the  relarondisp  beiv.een  the  effect  of  cyclic  and  long¬ 
term  loading  conditions  on  the  initiation  of  fnacu.  in  acrylic  v*'inda.vs  is 
rttot  knov/n,  Hc*.*.e.*gr.  in  vEe.v  of  tbe  feet  that  cyclic  presarrization  data  for 
v.f  ndovijs  operating  in  the  abyssal  depth  range  is  either  nonexist^t  or  vay 
scaro.  designers  may  also  be  tem.pted  to  use  lor^-lerm  pressure  loading 
data  contained  in  this  report  for  the  dedgn  of  vrindows  for  cyclic  presaire 
service,  Deagner^s  who  do  this  are  advised  that  the  window  proportions 
recommended  for  1,000-hour  sustained  loading  at  20.000  pa  'will  probably 
perform  quite  satisfactory  at  15.000-psi  cyclic  loadir^  so  long  as  the  maxi¬ 
mum  duration  of  tbe  pressure  cycle  is  less  than  10  hours.  If  window 
proportions  are  selected  for  cyclic  service  on  this  basis,  extensive  evaluation 
of  the  prototype  full-scale  window  under  simulated  operational  conditions 
is  recommended. 

Window  Fabrication 

Since  the  v/indov.rs  rely  on  intimate  contact  vWth  the  conical  flange 
cavity  surface  for  their  high-pressure  sealing  as  v/ell  as  for  their  restrain^ 
against  axial  displacement,  an  accurate  fit  with  that  cavity  is  of  great 
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izipastaaMs.  FssriStisressnatliemaKCOTiCTgEjiw^feinnadifjaigtcfefsnioes 
m  tSse  xATrtMfcw  mnasi  caisi  excesd  ±Q.&S&  itk*  on  tire  misior  dmmter,  0.010 
Endi  in  ihlzi^nes^  and  ±15  nnimssscf  i^ncZaided  conisl  ang^ 

Tfe  VtistdoMS  are  fafericsted  fey  rcediistring  assylk:  sgock  hailing  Hie 
mediaetlsai  and  pfr/sfcal  pcopeities  of  Pfex^Eas  G  pisis.  FcKsr-rncfe'to^ck 
ocnrinerda^fy  avaSacle  pEaie^  a  cctsEom  cas!  bEocfc,  ch*  a  feiack  mails  up  by 
bumft-ng  of  severe  sisr^jard  aory!ic  pities  can  save  as  nnadrjning  stock.  In 
tne  C33e  of  custom  cast  or  bended  blocks,  the  end  product  imsst  have  Hie 
sanie  mechanical  and  pbyS'Cal  properties  as  a  monolithic,  commerdaSly 
aiaiiabSe  4'rnch'thick  PCex^las  G  plate.  It  is  particularly  important  that 
the  tensife  strength  of  the  bonds  in  the  bended  acrylic  block  be  eipial  to 
or  ^pioach  tha'  of  the  parent  materia!  (Table  8-1). 

Headless  of  the  machining  stock  used,  the  mndov/  should  be 
annealed  Hvice  during  its  fabifcaicoo;  once  after  rough  machining  v/hen 
it  is  idthin  ^prcximately  0.125  inch  of  finished  dimaiaons,  and  a  second 
time  Vihen  it  has  been  madtined  to  hs  final  dimensonsand  the  surfaces 
ha/a  been  polished.  V/itbom  annesUng,  the  conical  bearing  surfeces  of  the 
v.indov/vjifi  craze  and  crack  sooner  under  cperaticnal  service. 

The  ^iniHi  of  the  conical  bearing  surface  of  the  w.indo'.v  should  be 
a  32-rms  machined  surface  follo^ved  by  polishing,  if  the  surface  finish  is 
roughs,  crazing  and  cracking  of  the  conical  besnng  surface  could  initiate 
sooner  under  operational  service. 

Proof-Testing  of  Windows 

When  the  experimental  data  contained  in  this  r^ort  are  used  for  the 
design  of  windov/s,  care  must  be  taken  not  to  damage  the  windovrC  v/ith 
excessive  overpressure  proof-testing.  The  basic  ground  rule  for  windows 
sefeaed  on  the  basis  of  long-term  tests  described  in  this  report  is  that  conical 
acrylic  windows  should  never  be  subjected  to  pressures  above  20,000  psi, 
regardless  whether  this  occurs  during  the  operational  life  of  the  window  or 
during  the  proof  test  that  precedes  it.  Because  of  this  if  the  operational 
service  of  the  windows  is  to  be  at  20,000  psi,  the  proof  pressure  preceding 
the  operational  use  of  the  windov/s  must  only  be  equal  to  operational  pres¬ 
sure.  If  for  some  reason  the  proof  pressure  must  be  in  excess  of  operational 
pressure,  then  acoirdingly  the  operational  pressure  rating  must  be  reduced 
below  the  20,000-psi  pressure  level.  Thus,  for  example,  windows  selected 
for  long-term  loading  condition  in  habitats  or  capsules  with  15,000-psi 
operational  depth  capability  cannot  be  proof-tested  to  pressures  higher 
than  1.25  x  operational  pressure,  as  otherwise  the  proof  pressure  will 
exceed  20,000  psi. 
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TafcfeB-1.  Plrcj^rtesrfAsry'StWlJKSowJ.'issriis^ 


PSyiicMPia^esnies  j 

Prspeet/ 

Sgyje’Bseia 

Tess&tethod 

HaeAnss.ltodat^SA 

gOfnSaorcaaJ 

JUSm^TSSSZ 

H3c:kxss.Bxa:^ 

SOFmCoKSurO 

ASTit.t{X2S33 

Spei5:9»»Sy 

1.19±0jSJi 
(2  tegSTOther  CiJO^ 

AS«tt37S2-6«r 

Bt£:x:heiaStx-‘i!oixi\ 

^S3±0m 

ASTfcMJ542-50 

L'lSnesoKStfacssisraoce;  103  iaeh 

giSfenanfexsrJ 

ASTS.PO:£303€1 

Kazs,  1i3  fejdi 

2L3(m2ximum} 

ASTS.«^iaE361 

Keaitfstaetion  Krperansre 
+a6Mr/fi*i2:2S4psa 
+a^r/rn«  a  66 

Tseff 

22SPf 

ASTMC543-5S 

Thermal  ecpaasiooj^f  a  20®r 

25x  10*®  Fmaximiim) 

Federal  Sandard  406 
Mahod2031 

V.aer  aisssrp&rs;  13  mcis 
{83  25  hours  at  73PF 
(idtosaturaien 

03%  (d^imum} 

1j9%  (maximum) 

ASTM.-D57&S3T 

l/achankal  Properties* 

Tersiitstjrerigdi.  ruptut'^ 

(03  ini/min) 

OjOOOpsi 

ASTM-063334T 

Tensile  elongation,  rupt;/re 

2%  (minimum)— 6%  (maximum) 

ASTMT)63334r 

Modulus  of  elasticity,  tension 

425.000  psi 

ASTM-D63834T 

compressive  strength, 

(03  ia/min) 

16,0CX)psi 

ASTf4-069S63T 

Flexural  arength,  rupture 

16.000  pa 

ASTM-0790^3 

Shear  arength,  rupture 

9,000  psi 

ASTM-D732-46 

Impact  arengih,  1  zod 
(per  inch  of  rwtdi) 

0.4  ftib 

ASTM-D256-5B 

Compressive  deformation  under  load 
(4,000  psi  at  122®F  for  24  hours) 

0.6%  (maximum) 

ASTM-D621-64 

*  The  requirements  are  minimum  values. 
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Since  prcof-tesi  lo  20.000  pss  pfccr  to  pSaceii^t  of  lbs  wif ndow 

in  acsEia!  sesvijs  constiidites  a  loading  cycle,  it  is  important  to  make  it  as  brief 
as  possibfe  so  that  it  dees  not  sltbs!an^fal^/  redoce  the  rated  tong-term  life  of 
tfse  window  in  subsequent  operation  under  service  costditions,  Basitse  of  this 
it  is  reixsmn^iided  that  if  the  window  vAH  op^cie  in  service  at  IS.CfK)  psi  tte 
application  of  20,(M)0psi  proof  pressure  ^KJuld  be  limited  to  1  htsur. 

Ideally,  proof-testing  of  each  w’indowslaied  for  los^-term  service 
eperatton  at  20,000  psi  should  riot  take  place  at  all,  as  it  has  a  negative 
influence  on  the  long-term  life  of  the  window.  Instead  of  proof-testing  eadi 
window,  it  is  more  advantageous  lo  rely  on  quality  control  in  the  procure- 
nent  of  acrylic  stodc.  and  machining,  annsling,  and  bondir^  of  the  window. 
V'.'ten  this  quality  control  in  fabrication  isaugntented  by  the  testing  under 
emulated  service  conditio.ns  of  a  vAndow  selected  at  random  from  the  saim 
group  of  windows  on  the  production  line,  very  reliable  windows  for  long¬ 
term  loading  can  be  obtained.  In  this  manner  even  thoi^h  one  windenv  is 
sacrifitsd  to  nondestructive  and  possibly  to  destructive  proof-testing,  the 
remaining  windo'ws  from  the  same  production  batch  retain  all  of  their 
potential  pressure-resisting  capability  for  actual  service  operation. 


FLANGES 

Configurations 

Although  all  the  bulk  of  experimental  data  of  this  study  has  been 
generated  in  the  DOL  1  flange  and  window  configuration  (Figure  B-1),  a 
minor  modification  of  this  configuration  is  recommended  for  full-size 
hydrospace  windows  to  give  the  user  an  added  margin  of  safety  for  windows 
whose  proportions  have  been  selected  on  the  basis  of  this  study. 

The  recommended  modification  to  the  DOL  1  flange  and  window 
configuration  consists  of  locating  the  window's  low-pressure  face  further 
away  from  the  cylindrical  passage  in  the  flange  to  provide  not  only  radial 
but  axial  restraints  for  the  extruding  portion  of  the  window.  Such  a  flange 
and  windov/  configuration,  designated  as  DOL  5  flange  (Figure  B-2),  should 
permit  the  windows  to  extrude  somewhat  less  than  xhe  windows  described 
in  this  study  and  thus  give  the  designer  extra  margin  of  safety  and  optical 
performance. 

A  group  of  windows  with  t/D  =1.5  and  conical  angle  of  60  degrees 
has  been  tested  in  the  DOL  5  flange  to  determine  whether  the  predicted 
decrease  in  axial  displacement  actually  takes  place.  Comparison  of  axial 
displacements  measured  on  windows  in  the  DOL  5  flange  with  displacements 
of  windows  in  the  DOL  1  flange  showed  that  the  windows  tested  in  the  DOL  5 
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iiangs  di^!ao2  Isss  thsi  siniHa!'  ’Aisidaivs  tested  in  the  DOL 1  ilcnge.  The 
differeJTce  in  magnitude  of  disp!acsnient  v/as  on  the  order  of  1 0JS.  IVhat  the 
difference  may  be  for  other  ratios  atd  angles  is  unknovm.  It  is  rertain 
bov/ever,  from  base  considerations  of  the  structural  (^rameters  controlling 
tre  windmv  dialacsment  that  the  di^lacement  of  v.indoy^s  in  the  DOL  5 
flange  v/ill  never  be  more  than  in  tbs  DOL  1  flange.  Furthermore,  these 
exploratory  tests  have  ^bovm  that  v.hen  pressure  is  relieved  the  extruded 
plugs  of  conical  wirtdov.'s  tend  to  become  wedged  in  the  cylindrical  passage 
of  the  DOL  1  flange  causng  some  portions  of  the  windowto  be  placed 
under  tensile  loading.  Sudi  wedging  does  not  take  place  in  the  DOL  5 
flange,  precluding  the  possibility  of  having  the  v^ndow  under  tenale 
loading  when  the  hydrostatic  prKSure  is  zero.  On  the  basis  of  these 
findings  it  is  felt  that  the  recommendation  to  utilize  DOL  5  flanges  instead 
of  DOL  1  flanges  has  been  experimentally  validated  and  that  the  use  of 
DOL  5  flanges  constitutes  an  added  margin  of  safety  for  use  of  conical 
acrylic  windov^s  under  long-term  loading.  Determination  of  the  magnitude 
of  this  margin  of  safety  will  be  the  subject  of  a  future  study. 

D  =  minor  window  diameter 


1.  D  ■=  Of  for  all  t/0  ratios  and  conical  angles  (a) 

2.  fi  ^Zxdisplacement  of  window  during  the  sustained 

pressure  loading  for  specified  period  of  time 


Figure  B-1,  Characteristics  of  DOL  1  flange  and  window  assembly  used  in 
the  current  study. 
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Note: 


OOL  5  Assembly 


1.  a*  -To  be  chosen  by  designer  on  basis  of  stress  field  evaluation  in  the  flange 

2.  ff  -To  be  chosen  fay  deagner  on  basis  of  optical  viewing  requirements 

3-  fi^b  for  all  t/0  ratios  and  conical  angles  ftt) 

4.  b>  displacement  of  window  during  the  sustained  pressure  loading  for 

Reified  period  of  tin* 

5.  0>Dfforallt/D  ratios  and  conical  angles  a 

Figure  B-2.  Characteristics  of  DOL  5  flange  and  window  assembly  (the 
assembly  recommended  for  long-term  20.000-psi  pressure). 


In  order  to  minimize  the  displacement  of  the  window  under  sustained 
operational  pressure,  as  well  as  to  provide  a  necessary  margin  of  safety  for 
overpressures  to  which  the  windows  may  be  accidentally  or  intentionally 
(as  in  proof-testing)  exposed,  the  engineer  must  design  the  window  fbnqe 
opening  with  required  radial  and  axial  support  for  the  window.  The  dimen- 
sions  of  DOL  5  window  flanges  have  been  calculated  and  are  presented  in 

guidelines  5  and  6.  These  calculations  are  based  on  two  assumptions.  The 

irst  IS  that  the  distance  b  between  the  window's  low-pressure  face  in  the 
conical  lange  cavity  and  the  bottom  of  the  conical  cavity  must  be  approx¬ 
imately  the  same  as  the  displacement  of  the  window  with  recommended 
VD  ratio  during  the  specified  duration  of  sustained  loading  at  20  000  psi 
The  second  is  that  either  an  overpressure  or  extension  of  rated  loading  ’ 

®"^°^"^ered  by  the  structure  during  its  life  and  therLre 
an  additional  allowance,  i,  equal  at  least  to  b  should  be  made  for  window 
displacement  in  the  cylindrical  flange  cavity. 


The  first  assumption  must  be  taken  into  account.  The  second  one 
should  be  considered,  but  in  many  cases  no  pressureshigher  than  operational 
will  be  encountered,  and  thus  no  provisions  have  to  be  made  for  displace¬ 
ments  caused  by  overpressure  or  for  duration  of  loading  past  the  originally 
Reified  time  span. 

When  the  acrylic  truncated  conical  plug  is  used  as  a  time-dependent 
device  actuator,  the  DOL  1  flange  is  prefeired  because  in  this  application  a 
decrease  in  axial  displacement  is  not  desirable.  In  actuator  applications  no 
allowance  is  made  for  overpressures  or  loading  duration  past  specified  time 
^an. 

Design  Guideline  4.  For  applications  in  which  the  acrylic  truncated  cone  is 
smply  a  mechanical  self-energizing  long-term  time-d^endent  device  actuator  for 
sustained  service  at  20,000  pa  and  32°F-to-75°F  temperature  range,  the  following 
flange  cavity  proportions,  which  tend  to  favor  large  displacements  are  recommended:* 


Window 

Flange 

Included  Angle 
(deg) 

D/D^ 

Ratio 

Cylindrical 
Passage  Length,  £ 

(See  Design 

DOL  1 

30 

1.0 

0.75  D 

Guideline  1) 

60 

1.0 

0.5  D 

Design  Guideline  5.  For  applications  In  which  the  acrylic  window  is  to  serve 
only  as  an  illumination  transmitter  for  unmanred  capsules  under  20,000-psi  sustained 
service  in  35°-to-75°F  temperature  range  and  not  as  a  high-grade  optical  lens,  the 
following  flange  cavity  proportions  are  recommended.** 


Window 

Flange 

Included  Angle 
(deg) 

D/Df 

Ratio 

Cylindrical 
Passage  Length,  £ 

30 

1.19 

50.3  D 

(See  Design 
Guideline  2) 

DOL  5 

60 

1.41 

>0.25  D 

90 

1.43 

>0.15  D 

Design  Guideline  6.  For  applications  in  which  the  truncated  cone  acrylic 
windows  serve  as  high-grade  optical  lenses  for  manned  capsules  under  sustained  pressure 
loading  of  20,000  psi  in  32°F-to-75°F  temperature  range  the  following  flange  cavity 
proportions  are  recommended.** 


*  No  allowances  for  overpressures  above  20,000  psi  have  been  made. 

**  Allowance  has  been  made  for  minor  overpressure  and/or  extension  of  loading  duration 
past  the  rated  time  span  of  the  window. 
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Window 

Flange 

Included  Angle 
(d^) 

D/D, 

Ratio 

Cylindrical 
Passage  Length,  £ 

30 

1.05 

>0.1  D 

(See  Design 

60 

1.14 

>0.1  D 

DDLS 

90 

1.25 

>0.1  D 

Guideline  3) 

120 

1.54 

>0.1  D 

150 

4.0 

>0.1  D 

Finishes  and  Tolerances 

The  experimental  data  relating  flange-seat  surface  roughness  to  crack 
Initiation  in  the  bearing  surface  of  conical  acrylic  windows  under  long-term 
loading  is  inconclusive.  Therefore,  no  definite  recommendation  based  on 
scientific  facts  can  be  made  for  a  particular  surface  finish  at  this  time.  It 
can  be  only  stated  that  so  long  as  the  surface  finish  is  in  the  range  of  32  to 
125  rms.  the  acrylic  conical  windows  will  perform  satisfactory.  The  surface 
finish  of  the  flanges  used  in  this  study  was  63  rms;  it  performed  quite 
acceptably  and  can  be  considered  a  happy  compromise  between  the  more 
expensive  32-rms  finish  and  the  rough  125-rms  finish. 

Although  exploratory  experimental  data  indicate  that  an  angle 
mismatch  between  the  acrylic  plug  and  the  conical  flange  seat  of  1  to  2  degrees 
magnitude  does  not  noticeably  affect  the  aitical  pressure  of  the  window,  the 
mismatch  should  be  kept  to  a  minimum  to  eliminate  high-pressure  sealing 
problems.  To  mini.mize  leaking,  deviation  of  the  conical  flange  cavity  from 
the  specified  angle  should  be  in  the  ±5-to-±15  minute  range,  easily  attained 
with  ordinary  machine  shop  practice. 

The  effect  of  variation  in  the  minor  diameter  of  the  conical  cavity 
on  the  displacement  and  critical  pressure  of  the  conical  acrylic  windows 
varies  with  the  type  of  window-flange  s^'stem  used.  The  effect  of  variation 
is  most  pronounced  for  the  DOL  2  window/flange  system  and  least  pro¬ 
nounced  for  the  DOL  5  system.  Since  DOL  5  system  (Figure  B-1)  is  the 
one  recommended  for  windows  under  long-term  hydrostatic  loading,  the 
diametral  tolerance  for  minor  diameter  of  conical  flange  cavity  may  be  in 
the  range  ±0.001  to  ±0.005  inch.  These  tolerances  are  readily  achieved 
with  ordinary  machining  processes. 


SEALS 


Requirements 

One  of  the  major  problems  encountered  in  the  design  of  window 
systems  for  long-term  loading  is  the  design  of  seals.  The  difficulty  in  the 
design  of  seals  for  such  a  system  stems  from  the  fact  that  there  are  three 
separate  operational  requirements  that  the  seals  must  satisfy; 

1.  The  window  system  must  be  watertight  at  low  pressures  while  the 
capsule,  or  habitat,  is  being  towed  to  its  location. 

2.  The  window  system  must  be  watertight  at  the  maximum  operational 
pressure  during  the  projected  duration  of  the  mission  on  the  ocean  bottom. 

3.  The  window  system  must  be  watertight  upon  return  of  the  capsule,  or 
habitat,  to  the  ocean  surface,  and  during  the  subsequent  towing  to  dock. 

It  is  relatively  easy  to  satisfy  the  first  two  requirements.  Any 
ordinary  gasket  will  seal  the  high-pressure  face  of  the  w'ndow  against  the 
window-retaining  ring  at  low  hydrostatic  pressure,  while  the  greased  surface 
of  the  window  acts  as  a  seal  itself  under  high  external  hydrostatic  pressure. 
It  is  much  more  difficult  to  satisfy  the  third  requirement  because  the  win¬ 
dow  has  experienced  permanent  yielding  during  its  long-term  service  under 
operational  pressure  in  15,000-to-20,000-psi  range.  Upon  return  of  the 
capsule  to  the  ocean  surface  there  is  a  tendency  for  the  windows  to  leak; 
because  permanent  axial  displacement  of  the  window  has  taken  place,  the 
gasket  between  the  window-retaining  ring  and  the  window  is  no  longer 
compressed.  There  are  many  design  approaches  that  will  mitigate  or 
completely  eliminate  the  problem  of  window  leakage  upon  return  of  the 
capsule  or  habitat  to  the  ocean  surface  after  its  long-term  submergence. 
Seals  of  several  designs  have  been  built  and  their  performance  noted. 

Seal  Designs 

The  five  different  types  of  seats  (Figure  B-3)  investigated  for  sealing 
windows  under  long-term  loading  were  designed  primarily  to  satisfy  require¬ 
ment  3,  but  in  the  process  of  satisfying  that  requirement,  in  every  case  they 
also  satisfied  sealing  requirements  1  and  2.  The  simplest  seal  investigated 
was  the  standard  gasket  compression  seal  of  60-durometer  hardness  held 
against  the  window's  high-pressure  face  by  a  retaining  ring.  Its  thickness 
was  selected  to  permit  the  necessary  precompression  during  installation 
without  causing  permanent  set  to  the  gasket.  The  precompression  was 
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selected  to  accommodate  the  largest  predicted  displacement  of  the  window 
in  the  flange  and  yet  maintain  sufficient  contact  pressure  with  the  window 
and  the  retaining  ring  to  permit  the  gasket  to  function  as  a  seal  when  the 
capsule  or  habitat  is  brought  back  to  the  ocean  surface, 

A  little-more  complex  was  the  seal  utilizing  an  0-ring  in  radial 
compression.  For  this  design,  as  well  as  the  elastomeric  channel-seal  design 
discussed  later,  both  the  window  and  the  flange  cavity  had  to  be  enlarged 
to  accommodate  the  seal  without  reducing  the  window's  critical  dimensions. 
Because  the  0-ring  was  designed  to  be  under  radial  compression,  the  yielding 
of  the  window  material  under  long-term  hydrostatic  pressure  in  the  15,000- 
to-20,000-psi  operational  range  would  tend  to  make  the  seal  more  pressure 
resistant;  the  clearance  between  the  edge  of  the  window  and  the  flange 
cavity  surface  would  decrease  with  time.  In  addition,  the  axial  movement 
of  the  window  in  the  flange  did  not  present  any  problems  in  this  0-ring  seal 
arrangement,  as  the  radially  compressed  0-ring  slides  with  the  window  along 
the  cylindrical  surface  of  the  cavity  in  the  flange  without  any  loss  of  com¬ 
pression.  I  n  this  design  the  window  is  held  in  the  flange  cavity  by  means 
of  a  single  flat  annular  spring  compressed  against  the  high-pressure  face  of 
the  window  by  a  retaining  ring. 

The  channel-type  seal  operates  on  basically  the  same  principle  as 
the  radial  0-ring  seal.  However,  the  seal,  which  slides  along  the  cylindrical 
cavity  surface  (Figure  B-3)  with  axial  displacement  of  the  window,  is  an 
elastomeric  channel  pressed  against  the  window  and  the  cavity  surface  by 
two  split  rings.  The  window  is  held  in  the  flange  cavity  by  means  of  several 
helical  springs  held  in  compression  by  a  retaining  ring. 

The  wiper-type  seal  in  the  form  of  an  elastomeric  wedge  with 
triangular  cross  section  was  designed  to  operate  on  the  same  surface-wiping 
principle  as  the  tv>ro  preceding  seals  except  that  during  axial  displacement 
of  the  window  in  the  flange  cavity  the  seal  wipes  a  conical  surface,  not  a 
cylindrical  one  as  is  the  case  in  the  two  previous  seals.  Because  of  this,  the 
flange  cavity  and  window  may  be  the  same  size  and  shape  as  for  the  standard 
gasket  design.  The  window-retaining  ring  acting  upon  the  seal  wiper  ridge 
also  serves  the  secondary  function  of  preventing  the  window  from  moving 
excessively  outward  upon  surfacing. 

The  axial  0-ring  seal  was  designed  like  the  wiper  seal  to  maintain 
constant  contact  with  the  conical  flange  surface  under  large  axial  displace¬ 
ments  of  the  window.  The  window  is  held  in  positive  contact  with  the 
cavity  surface  by  the  flat  annular  spring  compressed  by  the  retaining  ring 
against  the  window's  high-pressure  face. 
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Gasket  Seal 


Figure  B-3.  Seals  applicable  to  windows  under  long-term  pressure  loading, 


Seal  Evaluation 

Tests  performed  on  windows  of  nominal  t/p  =  2.0, 90<iegree  conical 
angle,  and  l-inch  diameter  under  20,000  psi  for  1?,000  hours  have  shown  that 
all  of  these  seals  performed  their  sealing  function  satisfactorily.  However, 
sortie  appear  to  be  more  desirable  than  others  for  hydrospace  windows  under 
long-term  loading  on  the  basis  of  economic,  structural,  or  space  considerations. 

From  the  aspect  of  space  required  to  contain  the  window  and  its  seal 
system,  the  compressed  gasket,  the  elastomeric  wiper  ring  of  triangular  cross 
section,  and  the  axially  compressed  0-ring  called  for  the  least  space.  They 
required  a  conical  flange  cavity  whose  depth  was  only  somewhat  greater 
than  the  window's  thickness.  Thus  it  would  appear  that  in  hydrospace 
window  applications  where  the  depth  of  the  conical  flange  cavity  in  the 
pressure  hull  must  be  kept  to  a  minimum  because  of  limited  hull  thickness 
such  seal  designs  are  attractive. 

One  shortcoming  of  these  two  designs  is  that  for  low-pressure  sealing 
capability  at  the  termination  of  the  long-term  pressure  loading  they  both 
rely  on  the  elastomeric  properties  of  the  gaskets  that  initially  were  axially 
compressed  at  least  0.1  D.  If,  due  to  the  action  of  seawater,  hydrostatic 
pressure,  low  temperature,  and  high  initial  compression,  a  permanent  set 
of  the  elastomer  occurs,  it  will  lose  its  ability  to  force  the  window  into 
contact  with  the  flange  cavity  surface  and  thus  prevent  sealing  at  low 
pressures. 

From  the  aspect  of  sealing  ability  after  long-term  pressure  loading 
during  which  the  elastomers  in  the  seals  acquire  a  considerable  permanent 
set,  the  seal  designs  incorporating  an  elastomeric  0-ring  or  the  channel  seal 
are  the  most  desirable.  The  latter  seals  maintain  contact  with  the  flange 
cavity  surface  even  with  permanent  set  in  the  elastomeric  seal  as  a  result 
of  the  force  exerted  on  the  window  by  precompressed  metallic  springs. 
Between  these  two  types  of  seals,  the  ones  incorporating  the  elastomeric 
0-ring  are  more  desirable  because  they  utilize  only  off-the-shelf  commercial 
elastomeric  rings  that  are  available  in  many  formulations. 

A  major  shortcoming  of  these  sealing  systems  is  the  stress  raiser 
effect  introduced  into  the  window  bearing  surface  by  the  presence  of 
grooves  machined  for  the  placement  of  seals.  This  stress  raiser  effect  is 
most  sever' m  the  groove  cut  for  the  axial  0-ring  seal,  particularly  in 
windows  with  a  degree  included  angle. 

In  terms  o.  window  displacement,  the  radial  0-ring  seal  is  the  most 
desirable  one  as  the  window  is  approximately  25%  thicker  than  designs 
incorporating  plain  gasket,  wiper  type  seal,  or  axial  0-ring  seals;  at  the 
same  time  the  radial  0-ring  design  does  not  have  the  serious  stress  raiser 
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effect  of  the  channel  seal  groove.  Because  of  the  added  window  thickness 
that  the  f^ial  O-ring  seal  requires  and  the  low  stress  raiser  effect,  it  is 
oonadered  to  be  the  most  conservative  window  seal  system. 

Seal  Selet^ion 

In  view  of  the  considerations  discussed  in  the  section  on  seal  design 
evaluation,  it  can  be  postulated  that  for  long-term  loading  at  a  hydrostatic 
pressure  of  20,000  psi  only  two  seal  designs  are  attractive.  Where  the  win¬ 
dow  cavity  in  the  flange  is  to  have  the  least  axial  length  possible  and  where 
the  economics  of  window-seal  system  fabrication  are  important  the  simple 
gasket  seal  design  is  preferable. 


D«ign  Guideline  7.  For  the  simple  gasket  seal,  the  design  guidelines  for 
selecting  the  magnitude  of  elastic  gasket  precompression  under  the  window  retainer 
ring  depend  on  the  d^gn  guidelines  used  in  the  selection  of  window  t/D  ratios. 


Selection  of 
Window  t/D 

Corresponding  Conical 
Cavity  DJmensLons 

Corresponding  Gasket  Compressions 
Under  Retainer  Ring(s)  for  Included  Angles— 

90° 

120°  ' 

1 

i^° 

Guideline  2 
Guideline  3 

Guideline  5 
Guideline  6 

0.3  D 
0.1  D 

0.25  D 
0.1  D 

0.15  D 
'  0.1  D 

0.1  D 

0.1  D 

If  the  gaskets  are  compressed  (Figure  B-4)  as  recommended,  and  no 
permanent  set  of  the  elastomeric  gasket  occurs,  the  seal  should  perform 
adequately  prior  to  the  long-term  pressure  loading,  during  the  sustained 
long-term  loading  of  20,000  psi,  and  in  low-pressure  service  encountered 
by  the  window  when  the  ocean  bottom  habitat  or  capsule  returns  to  the 
ocean's  surface. 

Prior  to  Comprnsion  Aftir  Compression 


V 

Figure  B-4.  Parameters  for  selection  of  gasket  seal  compression  according  to 
Design  Guideline  7. 
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In  applications  in  which  (1)  a  deeper  flange  cavity  can  be  tolerated, 
(2)  offrthe-shelf  commercial  0-rings  are  available  for  that  particular  window 
diameter,  (3)  some  pressure  cycling  will  be  present,  and  (4)  a  more  conserva¬ 
tive  window  design  is  preferred,  the  radial  0-ring  seal  is  recorhmended. 

Design  Guideline  8.  For  the  O-nr^  seal,  the  d^gn  guidelines  for 
selecting  the  magnitude  of  the  cylindrical  lip  on  the  window  and  the  corresponding 
cylindrical  recess  in  the  flange  depend  oh  the  design  guidelines  used  in  the  selection 
of  window  t/D  ratios. 

Corresponding  Dimensions  of  . Lower  Cylindrical 


Selection  of  Corresponding  Conical  Windows  Lip  (k)  for  included  Angles— 
Window  t/D  Cavity  Dimensions  - 1 - 1 - ^ — |  r~~ 


20° 

00° 

90° 

O 

o 

150° 

Guideline  2 
Guideline  3 

Guideline  5 
Guideline  6 

0.4  D 
02  D 

0.3  D 
0.2  D 

O  O 
CM 

d  d 

02  D  , 

0.2  D 

The  foregoing  description  of  dimensions  (Figure  B-5}  recommended 
for  the  lower  cylindrical  window  lip  does  not  describe  the  overall  thickness 
of'the  lip,  but  just  its  IbvVef  portion  bel^  the  0-rihg  groove,  in  order  to 
specify  the  window,  however,  one  must  also  know  the  overall  thickness  of 
the  lip,  TP  arrive  at  that  dimension  K,  one  must  add  to  kThe  width  of  the 
0-ring  groove  w  and  the  upper  cylindrical  window  lip  n.  Both  of  these 
dimensions  do  not  depend  on  the  magnitude  of  the  external  pressure  to 
which  the  window  will  be  subjected  but  on  the  size  of  the  0-ring,  which 
in  many  cases  is  chosen  solely  on  the  basis  of  the  window  diameter. 


In  general,  the  width  of  the  groove  should  be  >0.15  inch  for  l/S-inch 
O-rings  associatied  with  small  windows  and  >0.3  Inch  for  1/4-inch  0-rings 
in  large  windows,  the  upp^  cylihdrkal  window  ! ip  ^ould  be  at  l^st 
in  thickness  to  the  groove  width,  or  may  be  ev^  thicker  tb  prevent 
its  clipping  during  handling  of  windows^at  in^allation.  The  resulting  win¬ 
dow,  because  of  its  added  thickhes  is  quite  cohservative  and  therefore 
particularly  recommended  iMhe  long-term  pressure  service  will  be  at 
20,000  psi. 


SUMMARY 

To  tie  the  many  design  guidelines  together  that  are  spelled  out  in 
Appendix  B,  two  typical  windoyvs  will  be  designed  and  dimensioned. 

Case  A 


Requirements 


Pressure:  20,000  psi 

Type  of  loading:  Sustained,  1,000  hours 

T ype  of  service:  Optical  observation  of  hydrospace 

Cone  angle:  90  degrees 

Type  of  seal:  Radial  0-ring 

Minor  diameter:  1  inch 

Dimensioning 


Optical  service  requires  that  Design  Guideline  3  be  used  for  window 
t/D  selection  (in  this  case  t/D  =  2,0),  Design  Guideline  6  for  flange  cavity 
D/D,  selection  (in  this  case  D/D,  *  1 .25  and  £  =  0.1  D),  and  Design  Guide¬ 
line  8  for  radial  0-ring  seal  and  window  lip  thickness  selection  (k  =  0,2  D, 
w=  0,19,  n  =  0,19).®  The  configuration  of  the  window  and  flange  is  shown 
in  Figures  B-6,  B-7,  and  B-8. 


71 


(4-3/4  X  5  X  1/8  O-ring,  nooprtno; 
60to95shore  hardne«i)<,  \jt 


i 


Figure  B-8;  riange  and  window  assembly.  (The  dimensions  of  this  DOL  5 
assembly  are  shown  in  Figure  B-6  and  the  window  configuration 
in  Figure  B-7.) 


Case  B 


Requirements 


Pressure: 

Type  of  loading; 
Type  of  service; 
Cone  angle: 
Type  of  seal: 
Minor  diameter: 


20,000  psi 

Sustained,  1,000  hours 
Optical  observation  of  hydrospace 
90  degrees 
Gasket  seal 
1  inch 
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Dimeiworiing 

Optica!  observation =»rvice  requires  that  Design  Guideline  3  be  us^ 
for  window  t/D  seiectjpn.{in=this  case  t/D  =  2.0),  Design  Guideline.6  for 
flange  cavity.D/Df  selection  (in  this  case  D^|  =  1.25,  £  =  0.1  D),  and  Design 
Guideline  7  for  gasket  seal  precompression  specification  (in  this  case  0.1  D). 
The  configuratioh-of  the  wiiidow  is  shovyn  in  Figure  B-9. 


Fi^re  8-9.  Typical  design  of  gasket  seal  on  a  90-degree  window  for  1 ,000 
hours  of  service  at  sustained  20,000-p$i  pressure  in  32‘^F>to- 
75°F  temperature  range. 


Since  all  of  the  design  guidelines  discussed  in  Appendix  B  had  as  their 
objective  a  window  that  performs  reliably  and  safely  in  15,000-to-20,000-psi 
p  essure  range  and  32°F-to-75°F  temperature  range,  an  approach  to 
dimensioning  was  used  that  always  assumed  the  windows  would  be  used 
at  the  most  severe  loading  condition.  Thus  it  can  be  expected  that  when 
a  radial-O-ring-sealed  optical  service  window  is  operated  at  15,000  psi  and 
34'^F  temperature  for  less  than  the  whole  span  of  its  rated  life,  the  displace¬ 
ments  of  the  window  will  be  much  less  than  provided  for  by  the  design 
guidelines.  On  the  other  hand  if  a  gasket-sealed  optical  service  window  is 
operated  at  20,000  psi  and  75°F  temperature  for  the  whole  span  of  its 
sustained  loading  rating,  the  displacements  will  probably  be  equal  to  those 
foreseen  by  the  design  guidelines,  but  still  will  be  on  the  safe  side.  Because 
of  these  built-in  safety  margins,  there  is  no  need  for  the  designer  to 
incorporate  additional  safety  factors  so  long  as  the  windows  will  not 
operate  outside  their  rated  performance  parameter  ranges. 
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Appendix  C 


DISPl^CEMENTS  OF  CONICAL  ACRYLIC  WINDOWS  UNDER 
SUSTAINED  HYDROSTATIC  LOADING  AT  20,000  PSI 


Each  of  the  conical  acrylic  windows  subjected  to  sustained  20,000- 
psi  hydrostatic-loading  experienced-axial  displacemenLthrough  the  flange 
opening.  There  were  three  distinct  phases  in  the  axial  displacement  of  each 
window.  The  first  phase  took  place  when  the  pressure  was  raised  at  a  650- 
psi/min  rate  from  0  to  20,000  psi.  The  second  phase  was  relatively  rapid 
axial  dispt'«'3ment>6f  the  window  through  the  flange  immediately  after 
the  20,000-psi  sustained  pressure  loading  was  reached.  The  second  phase 
lasted  for  approximately  12  to  24  hours.  The  third  phase  of  axial  displace¬ 
ment  was  the  relatively  slow  axial  displacement  of  the  window  during  the 
remaining  duration  of  sustained  pressure  loading  at  20,000  psi.  To 
emphasize  and  delineate  the  three  distinct  phases  of  axial  displacement, 
two  different  scales  were  used  for  plotting  the  displacements.  Log-log 
scales  with  0.001 -inch  displacement  and  1 -minute  tinne  units  were  selected 
to  show  the  rapid  rate  of  displacement  of  the  windows  during  phases  1  and 
2.  Linear  scales  with  0.01 -inch  displacement  and  1-day  time  units  were 
chosen  to  show  the  slow  rate  of  displacement  during  phase  3.  To  permit 
rapid  visual  comparison  of  the  two  different  displacement  phases,  they  are 
grouped  together  in  Figures  C-1  through  C-6  for  each  different  window 
configuration. 

When  one  observes  the  graphs  depicting  phases  1, 2,  and  3  one 
immediately  notes  that  the  relationship  between  time  and  magnitude  of 
axial  displacement  is  not  shown  graphically  by  a  narrow  line  but  by-d  wide 
band  whose  width  and  shape  varies  from  one  figure  to  another.  There  are 
several  reasons  for  this. 

1 .  Each  curve  represents  the  range  of  displacements  shown  by  a  group  of 
five  window  specimens  which  were  not  of  identical  dimensions,  but  varied 
by  the  magnitude  of  dimensional  machining  tolerances. 

2.  All  of  the  five  windows  comprising  a  single  t/D  ratio  group  for  a  given 
angle  were  not  tested  in  the  same  flange,  but  in  several  flanges  that  differed 
from  each  other  by  the  magnitude  of  dimensional  machining  tolerances. 

3.  All  five  windows  in  a  group  were  not  tested  at  an  identical  temperature. 
The  average  temperature  varied  several  degrees  from  one  long-term  test  to 
another. 
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4.  All  of  the  five  windows  were  not  machined  from  the  same  piece  of 
material,  or  for  that  mattenat  the  same  material  removal  rate. 

There  are  several.general  observations  that  can  be  made  about  the 
scatter  of  recorded  displacement  data.  First,  that  the  width  of  the  plotted 
displacement  range  appears  to  be  In  a  large  rheasure  a  function  of  absolute 
displacement  magnitude;  i.e.  small  variations  in  material  and  dimensional 
parameters  of  windows  result  in  large  displacements.  Second,  displacements 
of  windows  that  are  accompanied  by  extensive  cracking  and  fracturing  of 
the  acrylic  material  (t/D  =  0.75  for  60, 90, 120,  and  150  degrees)  vary  more 
from  one  specimen  in  the  same  group  to  another  than  the  displacements  of 
windows  not  accompanied  by  extensiye  cracking.  This  phenomenon  in  all 
probability  is  caused  by  the  randomness  of  crack  initiation  and  propagation, 
as  compared  to  the  nonfandomness  of  typical  stress-strain  behavior  of 
material  before  cracking. 

Since  in  some  of  the  t/D  ratio  groups  all  of  the  windows  failed  prior 
to  the  termination  of  the  1,000-hour  tests,  no  graphs  exist  depicting  phase  3 
of  window  displacement.  In  other  groups  of  windows  only  some  of  the 
windows  failed  prior  to  1,000  hours  at  sustained  20,000-psi  pressure  loading. 
For  those  groups  of  windows  only  the  lower  boundary  of  the  phase  3  dis¬ 
placement  range  has  been  shown  since  the  upper  boundary  is  undefined, 

(See,  for  example,  30-d^ree  windows  with  t/D  =  1.0.) 

When  the  data  contained  in  Figures  C-1  through  C-6  is  used  for 
design  of  operational  windows,  the  upperboundary  of  displacement  ranges 
should  be  utilized.  It  represents  a  conservative  approach  to  sizing  of  window 
flange  cavities  for  containment  of  windows  during  their  displacement  under 
sustained  hydrostatic  pressure  of  15,000  to  20,000  psi.  For  design  of  win¬ 
dows  that  will  be  used  at  a  sustained  pressure  of  less  than  15,000  psi,  the 
lower  boundary  of  the  displacement  range  should  be  utilized  as  otherwise 
the  design  of  flange  cavity  becomes  too  conservative. 
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Conical  acrylic  windows  of  30-,  60-,  90-,  120-,  and  150-degree  included  angles  have  been 
subjected  in  their  mounting  flanges  to  20,000  psi  of  hydrostatic  pressure  for  up  to  1 ,000  hours 
in  the  32°F-to-75®F  temperature  range.  The  displacements  of  the  windows  through  the  flange 
mounting  have  been  r  ecorded  and  are  graphically  presented  as  a  function  of  time,  temperature, 
conical  angle,  and  thickness-to-diameter  ratio  for  the  ready  reference  of  the  designer.  A  detailed 
study  has  also  been  made  of  the  types  of  failure  and  of  the  dimensional  and  structural  parameters 
that  must  be  considered  in  the  design  of  safe,  operationally  acceptable  windows  for  long-term 
service  under  hydrostatic  pressure  of  20,000  psi. 

The  test  results  indi::ate  that  a  minimum  thickness  to  minor  diameter  ratio  of  2  and  an 
included  conical  angle  of  90  degress  or  larger  is  required  to  provide  safe  and  optically  acceptable 
windows  for  long-term  sustained  pressure  loadings  of  20,000  psi. 
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WINDOWS  FOR  EXTERNAL  OR  INTERNAL  HYDROSTATIC 
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by 

J.  D.  Stachivv  and  W.  A.  Moody 


ABSTRACT 

Conical  acrylic  windows  of  30-,  60-,  90-,  and  120-  and  150-degree 
included  angle  and  0.500  to  1.250  t/D  (thickness  to  minor  diameter  ratio) 
have  been  subjected  in  their  mounting  flanges  to  10,000  psi  of  hydrostatic 
pressure  for  500  and  1,000  hours  at  ambient  room  temperature.  The  displace¬ 
ment  of  the  windows  through  the  flange  mounting  has  been  recorded  as  a 
function  of  time  and  plotted  for  the  ready  reference  of  the  designer.  The 
magnitude  of  the  window  displacement  has  been  found  to  be  a  function  of 
time,  angle,  temperature,  t/D  ratio  and  pressure. 

It  is  recommended  that  for  safe  single  sustained  operation  of  1,000 
hour  duration  at  10,000  psi  hydrostatic  loading  at  ambient  temperature  the 
windows  should  have  an  included  conical  angle  >90°  and  a  minimum  t/D 
ratio  of  0.750.  For  sustained  loadings  in  excess  of  1 ,000  hours  the  minimum 
t/D  ratio  is  1 ,000. 
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INTRODUCTION 


Previous  studies’"^  conducted  at  NOEL  With  the  objective  of  comparing 
the  structural  efficiency  of  different  window  shapes  have  sfiown  that  although 
the  spherical  acrylic  plastic  shell  windows  are  the  most  efficient,  conical  win¬ 
dows  approach  them  in  efficiency,  particularly  if  the  included  conical  angle  is 
large.  Since  widespread  use  of  conical  viewports  in  submersibles  and  hyperbaric 
chambers  has  made  them  something  of  a  standard,  this  particular  shape  was 
chosen  for  further  studies. 

Because  ocean  floor  installations  are  primarily  subjected  only  to 
sustained  long-term  submersion,  the  investigation  of  windows  focused  on 
long-term  sustained  loading  so  that  the  data  generated  in  this  program  could 
be  directly  applied  to  the  design  of  habitat  windows.  The  first  study^  in  the 
conical  window  long-term  testing  program  investigated  the  behavior  of  win¬ 
dows  at  20,000  psi.  The  magnitude  of  window  displacement  through  the 
mounting  flange  was  found  to  be  a  function  of  conical  angle,  thickness  to 
minor  diameter  ratio,  and  temperature,  as  well  as  time.  No  effort  was  made 
to  determine  the  relatio'^ship  between  pressure  and  window  displacement 
under  long-term  loading,  although  it  was  known  that  the  displacement  of 
windows  would  be  less  if  they  were  subjected  to  a  lower  pressure  for  the 
same  period  of  time. 

In  the  previous  studies  no  effort  was  made  to  investigate  the  ability 
of  acrylic  material  to  return  in  time  to  its  original  form  as  the  pressure  is 
decreased  to  1  atmosphere,  although  this  property  is  known  to  exist. 

Since  the  operational  depth  of  permanent  ocean  bottom  installations 
equipped  with  acrylic  windows  varies  from  one  habitat  to  another,  the  win¬ 
dows  are  subjected  to  different  levels  of  hydrostatic  pressure  for  extended 
periods  of  time.  Therefore,  it  is  important  to  develop  criteria  that  will 
permit  the  design  of  acrylic  windows  for  any  operational  depth.  This  will 
allow  the  designer  more  flexibility  when  considering  variables  such  as  field 
of  view,  amount  of  space  available  for  mounting  windows  and  expense, 
while  still  maintaining  a  high  degree  of  safety.  A  similar  case  presents  itself 
in  the  design  of  windows  for  internal  pressure  vessels  in  which  long-term 
hydrostatic  tests  are  performed  (Figure  1).  It  is  to  generate  such  design  data 
that  the  present  study  has  been  sponsored  by  the  Naval  Facilities  Engineering 
Command. 
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Figure  1.  Wirxiow  installed  in  end  closure  of  18-inch  (inside  diameter) 
pressure  vessel  for  observation  of  test  specimens. 


The  objective  of  the  study  was  to  determine  experimentally  the 
relationship  between  the  axial  displacement  of  conical  windows,  their  conical 
angle,  thickness-to-minor-diameter  ratio  (t/D),  and  duration  of  sustained 
loading  at  10,000  psi  hydrostatic  pressure.  This  relationship  was  to  be  deter¬ 
mined  by  ( 1 )  pressurizing  a  series  of  conical  acrylic  windows  with  30-,  60-, 

90',  1 20',  and  1 50-degree  angles  and  0.500  to  1 .250  t/D  ratios  at  a  constant 
rate  to  10,000  psi,  (2)  maintaining  that  pressure  for  up  to  1,000  hours,  and 
(3)  recording  the  di  placements  of  the  windows.  It  was  clearly  understood 
that  some  of  these  would  be  ejected  in  less  than  1 ,000  hours,  while  others 
would  still  be  serviceable  after  this  time. 

Also  the  relationship  between  the  displacement  during  pressurization 
and  the  retraction  during  depressurization  were  to  be  investigated  by  dropping 
the  pressure  at  the  same  constant  rate  used  during  pressurization.  By  exam¬ 
ining  the  window's  ability  to  approach  its  original  shape  as  the  pressure  is 
relieved  after  long-term  loading  at  10,000  psi,  a  fair  indication  would  be 
obtained  on  the  window's  relaxation  capability. 
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TEST  SPECIMENS 


The  test  specimens  (Figures  2  and  3)  were  machined  from  commercial 
Plexiglas  G  acrylic  plat^  (Table  1).  The  bulk  of  the  window  test  specimens 
were  mads  to  fit  the  same  window  mounting  flanges  used  in  the  previous 
study  for  windows  under  long-term  loading  of  20,000  psi. 
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Figure  2.  Typical  conical  acrylic  windows  of  1-inch  minor  diameter  used  in 
the  experimental  program. 


Table  1.  Properties  of  Acrylic  Window  Material 


Physical  Properties 

Property 

Typical 

Test  Method 

Hardness,  Rockwell  M 

90 

ASTM-D785-62 

Hardness,  Barcol 

90 

ASTM-D2583 

Specific  gravity 

1.19  ±0.01 
(2  tests  within  0.005) 

ASTM-D792-e4T 

Refractive  index;  1/8  inch 

1.50  ±0.01 

ASTM-D542-50 

Luminous  transmittance;  1/8  incn 

91% 

ASTM-D 1003-61 

Haze,  1/8  inch 

2.3 

ASTM-D1003-61 

Heat  distortion  temperature 

ASTM-D648-56 

+3,6°F/min  at  264  psi 

200°F 

+3,6°F/min  at  66  psi 

220°F 

Thermal  expansion/°F  at  20°F 

35 X 10'® 

Federal  Standard  406 
Method  2031 

Water  absorption;  1/8  inch 

ASTM-D570-63T 

(a)  25  hours  at  73°F 

0.3% 

(b)  to  saturation 

1.9% 

Mechanical  Properties 

Tensile  strength,  rupture 
{0.2  in./min) 

9,000  psi  (min) 

ASTM-D638-64T 

Tensile  elongation,  rupture 

2%  (min)  -  7%  (max) 

ASTM-D638-64T 

Modulus  of  elasticity,  tension 

400,000  psi  (min) 

ASTM-D638-64T 

Compressive  strength, 

(0.2  in./min) 

15,000  psi  (min) 

ASTM-D695-63T 

Flexural  strength,  rupture 

14,000  psi  (min) 

ASTM-D790-63 

Shear  strength,  rupture 

8,000  psi  (min) 

ASTM-D73246 

Impact  strength,  1  zod 
(per  inch  of  notch) 

0.4  ft-lb  (min) 

ASTM-D256-56 

Compressive  deformation  under  load 
(4,000  psi  at  1 22°F  for  24  hours) 

2%  (max) 

ASTM-D621-64 

A 


Material:  Plexiglas  G 


Nomenclature 

D  =  minor  diameter  lin.) 
t  “  thickfiess  (in.) 
a  “  included  conical  angle  (deg) 

Dimensions 

1.  For  I’in.-diam  windows: 


D  =  1.0  in.;  tolerance  =  ±0.005 
t  =  nominal  1/2, 5/8, 3/4, 7/8, 1, 1-1/4  in. 

(manufacturer's  plate  thickness  tolerances  apply) 
a  »  30, 60, 90, 120,  or  150  degrees;  toltrance  =  ±15' 


2.  For  4-in.-d:am  windows; 


D  •=  4.0  in.;  tolerance  =  ±0.010 
t  »  nominal  4  in.  (manufacturer's  plate  thickness 
tolerances  apply) 
a  °  90  degrees;  tolerance  >=  ±15' 


Figure  3.  Dimensions  of  typical  conical  window  specimens. 

The  diameter  of  the  window  was  selected  to  be  1  inch  with  a  plus  or 
minus  0.005-inch  tolerance  (Table  2).  The  conical  angle  of  the  windows  was 
held  to  a  plus  or  minus  15-minute  tolerance.  The  actual  thickness  of  the  win¬ 
dows  differed  considerably  (up  to  10%)  from  their  nominal  thickness,  which 
was  the  same  as,  that  of  the  commercially  supplied  acrylic  plates  with  standard 
manufacturing  thickness  tolerance.  The  conical  bearing  surfaces  were  machined 
to  a  63-rms  finish,  which  subsequently  when  polished  and  covered  with  silicone 
grease,  served  as  a  sealing  surface  in  contact  with  the  flange. 

In  addition  to  the  1-inch  diameter  windows  of  30-,  60-,  90-,  120-,  and 
150-degree  included  angle  with  0.625  to  1.250 1/0  ratios,  a  series  of  4-inch 
diameter  90-degree  included  angle  windows  were  fabricated.  The  reason  for 
making  larger  scale  windows  and  subjecting  them  to  test  conditions  identical 
to  those  of  the  smaller  windows  was  to  compare  the  displacement  of  the  large 
windows  to  that  of  the  smaller  windows  so  that  the  scaling  factor  for  window 
displacements  established  in  previous  studies'"'*  could  be  reconfirmed. 


TEST  SETUP 
Window  Flanges 

The  test  specimens  with  1-inch  minor  diameter  were  mounted  in 
flanges  designed  to  fit  into  the  Mk  I  and  Mk  II  modified  16-inch  naval  gun 
shell  end-closures  (Figures  4  and  5).  The  flanges  for  the  4-inch-diameter, 
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90-degree  windows  were  designed  to  fit  the  end-closure  of  the  Deep  Oce^n 
Laboratory's  18-inch-diameter,  high-pressure  vessel  (Figures  6  and  7).  The 
mild  steel  flanges  were  of  sufficient  thickness  to  insure  that  very  little  defor¬ 
mation  of  the  flanges  occurred  during  application  of  hydrostatic  pressure  to 
the  window's  high-pressure  face.  For  all  practical  purposes  the  window  flanges 
were  rigid,  and  only  the  acrylic  windows  were  deformed  during  pressurization. 

To  standardize  the  window  displacement  tests,  all  windov»fS  and  flanges 
were  designed  to  have  the  minor  diameter  of  the  window  always  equal  to  the 
minor  diameter  of  the  conical  window  cavity  in  the  flange.  Because  of  this, 
the  low-pressure  face  of  every  window  tested  was  set  flush  with  the  bottom 
of  the  conical  cavity  in  the  flange  (Figure  8).  The  special  feature  of  these 
conical  window  flanges  designated  as  DOL  No.  1  mounting  configuration  was 
the  termination  of  the  conical  cavity  in  a  long  cylindrical  passage  thatv,/ould 
restrain  the  extruding  portion  of  the  window  radially.  The  length  of  cylindri¬ 
cal  passage  varied  from  flange  to  flange,  depending  on  the  window's  angle  and 
t/D  ratio,  however,  it  was  designed  to  be  long  enough  so  that  the  extruded 
acrylic  plug  would  be  radially  suppo'^ted  along  its  whole  length.  (For  discus¬ 
sion  of  other  DOL  flange  mounting  configurations  see  Reference  4  and 
Appendix  A.) 

Pressure  Vessels 

The  DOL  No.  1  window  flanges,  as  mentioned  previously,  were 
designed  either  to  fit  the  end-closure  of  Mk  I  and  Mk  II  conversions  of 
16-inch  naval  gun  shells,  or  the  18-inch  diameter  DOL  pressure  vessel.  The 
flanges  were  attached  to  the  end-closures  in  such  a  manner  that  the  low- 
pressure  face  of  the  window  was  exposed  to  atmospheric  pressure,  while 
the  high  pressure  face  was  acted  upon  by  the  pressurized  water  inside  the 
vessel.  By  such  an  arrangement  the  pressure  differential  was  simulated  that 
exists  on  a  window  in  a  submerged  structure,  or  on  a  window  in  an  internal 
pressure  vessel.  The  Mk  I,  Mk  1 1,  and  18-inch  chamber  pressure  vessels  con¬ 
tained  a  sufficient  volume  of  compressed  water  at  10,000  psi  that  the  small 
day  to  day  extrusions  of  the  windows  through  the  flange  opening  would  not 
decrease  the  pressure  inside  the  vessel  by  more  than  50  psi.  Also,  the  com¬ 
pressed  water  in  the  pressure  vessel  and  the  stressed  walls  of  the  vessel 
contained  sufficient  amount  of  potential  energy  to  carry  through  the 
ejection  of  windows  when  the  critical  moment  arrived.  This  feature  of  the 
pressure  vessels  v/as  of  great  importance,  as  it  permitted  the  locking  in  of 
10,000  psi  pressure  inside  the  vessel  for  unattended  operation. 


Table  2.  Test  Plan  for  Conical  Acrylic  Windows  Subjected  to  10,000  Psi 


Noirrtncl«tufe 

M  •  exteriiat  flange  diameter  (in.J 
a  « included  conical  angle  (deg) 


Dimeneions 

a  •  30, 60, 90, 120  and  150  degrees  tolerance  «  ±5' 

M  •  8  ±  1/64  in.  for  30-,  60-,  90-,  and  120<ie9ree  wrindowi 
17  ±  1/64  in.  for  ISO^fegrae  windows 


3±  1/64  in. 


Material:  1015  steel 

Figure  4.  Dimensions  of  typical  window  mounting  flanges  for  1 -inch-diameter 
conical  windows. 


Figure  5.  Typical  flanges  for  1 -inch-diameter  conical  window. 


Instrumentation 

The  instrumentation  for  the  long-term  pressure  testing  of  acrylic 
windows  consisted  of  a  pressure  gage,  a  displacement  indicator,  and  a 
thermometer  (Figure  8).  The  Bourdon-type  pressure  gage  measured  the 
hydrostatic  pressure  inside  the  vessel  with  .±50-psi  accuracy,  the  mechanical 
dial  type  displacement  indicator  measured  with  tO.OOI-in.  accuracy  the 
displacement  of  the  center  of  the  windows'  low-pressure  face,  while  the 
Bourdon-type  thermometer  registered  with  ±0,5°C  accuracy  the  tempera¬ 
ture  of  the  water  wetting  the  high-pressure  face  of  the  window. 
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Nonwnclature 

M  txttrrMi  flange  diameter  (in.) 

(.  >  overall  flange  thickneea  (in.) 
k  *  cylindrical  pcttage  length  (in.) 
a  >  included  conical  angle  (dsg) 

Dimenaione 

a  •>  90  degrees;  tolerance  » t;S' 

M  -  17-3/4  ±  1/64  in. 
k  =  1  ±  1/64  in.  for  90^tegree  windows 
L  »  5  ±  1/64  in.  for  SO^legree  windows 


a 


Material:  4130  steel 

Figure  6.  Dimensions  of  typical  window  mounting  flange  for  4-inch-diameter 
conical  windows. 


Figure  7.  Typical  flange  for  4-inch-diameter 
conical  windows. 
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water  under  10,000-psi  pressure 


Figure  8.  Schematic  of  window  test  arrangement. 


TEST  PROCEDURE 
Mounting  of  Windows 

The  windows  were  liberally  coated  with  silicone  grease  on  their  conical 
bearing  surface  prior  to  placement  into  the  conical  flange  cavity.  After  inserting 
the  window  into  the  conical  flange  cavity,  a  force  of  approximately  20  to  25 
pounds  was  applied  to  window's  high-pressure  face  to  squeeze  out  most  of  the 
grease  from  between  the  v/indow  and  the  flange  (Figure  9).  Subsequently,  the 
flange  was  bolted  to  the  vessel  end-closure,  the  closure  was  then  placed  into  the 
appropriate  pressure  vessel  prefilled  with  fresh  water  and  locked  into  place.  The 
preparations  for  testing  were  completed  by  mounting  of  the  mechanical  dial- 
type  displacement  indicator  on  the  end  closure.  The  dial  indicator  was  mounted 
in  such  a  manner  that  the  rod  of  the  indicator  protruded  through  the  opening  in 
the  end  closure  and  rested  firmly  on  the  center  of  the  window's  low-pressure 
face. 
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Figure  9.  Installation  of  a  4-inch-diameter,  90-degree  conical  window  into 

flange  mounted  on  the  end  closure  of  the  18-inch  internal-diameter 
vessel. 
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Pressurization  of  Windows 


The  first  step  was  to  pressurize  the  vessel  to  1,000  psi  and  hold  it 
for  10  minutes,  after  which  the  pressure  was  reduced  to  zero  and  the  dial 
displacement  indicator  was  adjusted  to  zero  reading.  This  operational  pro¬ 
cedure  insured  that  the  window  was  bearing  against  the  steel  flange  and  not 
against  a  thick  layer  of  grease,  and  that  the  displacement^readings  recorded 
during  and  following  pressurization  to  10,000  psi  would  be  a  measure  of  the 
window's  displacement,  rather  than  grease  extrusion. 

The  pressurization  to  the  10,000-psi  pressure  level  was  conducted  at 
a  600-to-700-psi/min  rate,  and  the  displacement  readings  were  taken  at 
1,000-psi  increments.  After  the  pressure  inside  the  vessel  reached  10,000 
psi,  the  pumps  were  stopped  and  the  valve  controlling  the  flow  of  water  to 
the  vessel  was  closed.  This  operation  concluded  the  pressurization  of  the 
windows  to  their  long-term  operational  pressure. 

Long-Term  Pressure  Loading 

Some  of  the  windows  were  subjected  to  10,000  psi  of  hydrostatic 
pre.ssure  for  500  hours,  while  others  were  kept  at  that  pressure  for  1,000 
hours.  In  this  manner,  the  damage  to  the  windows  could  be  observed  at 
discrete  time  intervals,  one  of  them  being  twice  as  long  as  the  other.  The 
pressure  inside  the  vessels  fluctuated  as  much  as  ±100  psi,  depending  on 
the  temperature  of  the  ambient  atmosphere.  No  effort  was  made  to  control 
the  temperature  of  the  water.  Its  temperature  fluctuated  between  18°C  to 
22°C  depending  on  the  season  of  the  year,  and  the  time  of  day.  Displace¬ 
ment,  pressure,  and  temperature  readings  were  taken  three  times  a  day.  At 
that  time  the  pressure  inside  the  vessel  was  also  readjusted  if  it  differed  by 
more  than  100  psi  from  the  set  pressure  of  10,000  psi.  Such  readjustments 
were  rare,  and  occurred  only  in  cases  where  minor  leaks  occurred  in  the 
hydraulic  system  servicing  that  particular  vessel,  or  if  the  air  temperature 
changed  sharply. 

Depressurization 

After  the  window  specimens  had  been  maintained  under  10,000-psi 
hydrostatic  pressure  for  a  period  of  500  or  1,000  hours,  the  pressure  was 
lowered  to  zero  following  the  same  procedure  used  during  pressurization. 
When  all  the  pressure  was  relieved  and  the  magnitude  of  the  window's  dis¬ 
placement  relaxation  was  noted,  the  end-closure  was  removed  from  the 
vessel  and  the  window  extracted  from  its  flange  seat.  The  window  was 
inspected  for  any  crazing  and/or  damage  and  set  aside  for  later  reference. 


TEST  OBSERVATIONS 


Catastrophic  Failures 

Only  a  few  test  specimens  failed  when  subjected  to  10,000-psi  loading. 
The  windows  that  failed  during  pressurization  wen  those  with  a  t/D  of  0.500 
and  an  included  angle  of  30  degrees.  The  windows  that  failed  under  a  sustained 
load  of  1 0,000  psi  in  a  period  of  less  than  1 ,000  hours  were  ( 1 )  those  with  a 
t/D  of  0.500  and  an  included  angle  of  60, 90, 120,  and  150  degrees,  and  (2) 
those  with  a  t/D  of  0.625  with  an  included  angle  of  30  degrees. 

The  windows  failed  in  one  of  two  ways  depending  upon  the  included 
angle.  The  specimens  with  30,  60,  and  90  degrees  included  angle  broke  into 
very  small  fragments  and  ejected  entirely  from  the  flange  seat  upon  failure. 
Windows  with  the  120-  and  150-degree  included  angle  sheared  along  a  conical 
surface  that  intersected  the  window's  bearing  surface  at  a  location  nearly  equi¬ 
distant  from  the  low  and  high  pressure  faces.  The  section  including  the 
low-pressure  face  was  then  ejected  thorugh  the  1-inch  opening  in  the  flange 
while  the  remainder  of  the  high-pressure  face  remained  in  the  flange  seat  in 
the  form  of  an  annular  fragment. 

Incipient  Failures 

Cracks  were  observed  on  many  windows  after  termination  of  the 
500-  and  1 ,000-hour  pressure  loadings  at  10,000  psi  hydrostatic  pressure. 

Their  occurrence  was  limited  to  windows  with  t/D  <0.625  for  150-  and 
120-degree  conical  angle  windows,  t/D  <0.625  for  90-degree,  t/D  <1.250 
for  60-degree  and  30-degree  windows.  The  cracks  always  originated  on  the 
conical  bearing  surface  and  appeared  to  propagate  into  the  interior  of  the 
window  at  right  angles  to  the  conical  bearing  surface. 

The  cracks  were  not  evenly  distributed  along  the  bearing  surface 
but  tended  to  congregate  at  the  low-pressure  face  end  of  the  windows.  The 
width  of  the  band  where  the  cracks  were  observed  was  an  inverse  function  of 
the  conical  angle.  Thus  for  the  150-degree  conical  angle  windows,  the  band 
of  cracks  on  the  conical  bearing  surface  was  only  about  0.060-inch  wide  and 
was  located  adjacent  to  the  low-pressure  .  e  of  the  window.  For  the  30-degree 
conical  angle  windows  the  band  of  cracks  was  almost  as  wide  as  the  width  of 
the  bearing  surface.  Only  a  very  narrow  band  of  the  bearing  surface  adjacent 
to  the  window's  high-pressure  face  was  free  of  cracks  or  crazing. 

One  of  the  cracks  on  the  bearing  surface  initiated  the  fracture  plane 
if  the  10,000-psi  hydrostatic  loading  was  sustained  sufficiently  long  or  if  the 
window  was  pressure-cycled  to  10,000  psi  many  times  in  succession  (Figure  10). 
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The  conical  fracture  surfaces  obsen/ed  in  conical  windows  that  failed  under 
sustained  long-term  loading  in  this  study  bear  out  the  postulate  that  the  frac¬ 
ture  plane  originates  at  one  of  the  many  cracks  on  the  bearing  surface. 

Some  of  the  windows  showed  no  cracking  on  their  bearing  surfaces. 
These  windows  were  with  t/D  >0.750  and  90-,  120-,  and  150-degree  conical 
angles  (Appendix  B). 

Plastic  Deformation 

High-Pressure  Face,  The  plastic  deformation  of  the  windows  took 
place  in  three  different  locations  on  the  window  (Figures  10  and  11).  On 
the  high-pressure  face  there  appeared  a  concave  cold-flow  crater  whose  diam¬ 
eter  and  depth  were  a  function  of  angle,  t/D  ratio,  temperature,  and  duration 
of  loading.  In  some  of  the  windows,  particularly  those  with  the  1 50-degree 
conical  angle,  the  periphery  of  the  cold  flow  crater  was  bounded  by  a  crack 
running  the  full  circumference  of  the  crater. 

Low-Pressure  Face.  This  face  also  experienced  plastic  deformation 
whose  form  depended  on  the  conical  angle  of  the  window  (Figure  10  and  1 1). 
For  windows  with  30-  and  60-degree  angles  the  low-pressure  face  became  con¬ 
vex.  Depending  on  the  radius  of  curvature  and  tensile  flexure,  cracks  were 
either  present  or  absent  around  the  circumference  of  the  low-pressure  face. 
Windows  with  conical  angles  >  60  degrees  experienced  a  different  deformation 
on  the  low-pressure  face.  Whereas  with  the  30-  and  60-degree  windows  the 
low-pressure  face  became  convex,  with  the  90-,  120-,  and  150-degree  win¬ 
dows  the  low-pressure  face  generally  became  slightly  concave.  The  concave 
appearance  of  the  low-pressure  face  was  caused  by  the  formation  of  a  narrow, 
low  ridge  around  the  face's  circumference. 

Window  Body.  Besides  plastic  deformation  of  the  high-  and  low- 
pressure  faces,  there  was  also  deformation  of  the  window's  body.  This 
deformation  took  the  form  of  a  cylindrical  plug  being  extended  through  the 
cylindrical  passage  in  which  the  conical  window  cavity  in  the  flange  termi¬ 
nated.  1  he  length  of  plastic  plug  extension  was  measured  (1)  immediately 
after  termination  of  the  long-term  pressurization,  and  (2)  1,000  hours  after 
termination  of  the  long-term  pressurization  (Table  3),  A  significant  difference 
in  magnitude  was  observed  between  these  two  measurements,  the  magnitude 
of  plug  extension  immediately  after  termination  of  long-term  pressurization 
being  the  larger  one.  This  indicates  that  the  total  plug  extension  of  the  win¬ 
dow  is  the  sum  of  three  deformations,  (1)  the  elastic,  (2)  the  viscoelastic,  and 
(3)  the  plastic. 


(a)  Fracture  surface  on  conical  bearing  surface. 


(b)  High-pressure  face  intersected  by  fracture  surface. 


(c)  Two  separated  fragments  of  the  window. 


Figure  10.  Typical  deformation  and  fracture  pattern  for  conical  acrylic  windows 

with  included  conical  angles  of  90, 120,  and  150  degrees  under  sustained 
hydrostatic  loading. 
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(a)  Typical  cold-flow  cratering  on  window's  high-pressure  face. 


(b)  Typical  cold-flow  plug  extrusion  of  window's  low-pressure  face. 

Figure  1 1.  Typical  deformation  ?nd  fracture  pattern  of  conical  acrylic  windows 
with  30-  and  60-degree  included  angles. 
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Tables.  Continued 


t/D 

Included 

Conical 

Angle 

(deg} 

Displacement*  (in.) 

Prior  to 

Depressurization 

Immediately  After 
Depressurization 

1 ,000  Hours  After 
Depressurization 

1 ,000-Hour  Loading  Duration 

0.625 

30 

■ 

60 

0.083 

0.027 

0.000 

90 

0.064 

0.01  G 

0.000 

120 

0.0473 

0.015 

0.001 

150 

0.049 

0.012 

0.000 

0.750 

30 

0.121 

0.105 

60 

0.070 

0.003 

90 

0.050 

0.006 

120 

0.043 

0.007 

150 

0.038 

0.004 

0.875 

30 

0.116 

0.097 

0.001 

60 

0.054 

0.015 

0.000 

90 

0.044 

0.007 

0.000 

120 

0.037 

0.008 

0.001 

150 

0.039 

0.005 

0.001 

1.000 

30 

0.080 

0.058 

0.003 

60 

0.050 

0.016 

0.000 

90 

0.047 

0.004 

0.001 

120 

0.039 

0.007 

0.001 

150 

0.041 

0.006 

0.000 

1.250 

30 

0.080 

0.055 

0.002 

60 

0.052 

0.016 

0.000 

90 

0.041 

0.002 

0.000 

120 

0.037 

0.005 

0.000 

150 

0.036 

0.005 

0.000 

*  Displacements  shown  are  not  average  values  for  groups  of  five  windows  but 
are  values  measured  on  a  few  individual  windows. 


The  maximum  extent  of  elastic  plug  deformation  is  obtained  by 
subtracting  from  the  axial  displacement  just  prior  to  depressurization  the 
displacement  reading  immediately  upon  reaching  zero  psi.  The  magnitude 
of  viscoelastic  plug  deformation,  on  the  other  hand,  is  determined  by  sub¬ 
tracting  from  the  displacement  reading  immediately  after  depressurization 
the  displacement  reading  after  1 ,000  hours  of  relaxation.  The  magnitude  of 
plastic  plug  deformation  is,  of  course,  the  difference  between  the  zero  dis¬ 
placement  reading  prior  to  pressurization  and  the  reading  1,000  hours  after 
termination  of  long-term  pressure  loading  at  10,000  psi. 

Displacements 

Axial  displacements  measured  during  the  long-term  sustail'pd  loading 
of  the  windows  varied  with  t/D  ratio,  conical  angle,  and  duration  of  loading 
(Figures  12  and  13  and  Appendix  C).  The  magnitude  of  displacement  appeared 
to  be  directly  related  to  time  while  inversely  related  to  t/D  ratio  and  conical 
angle  (Table  4).  As  the  t/D  ratio  was  increased  for  windows  of  any  angle,  the 
magnitude  of  displacement  for  the  same  duration  of  sustained  loading  decreased. 
The  decrease  of  displacement  did  not  appear  to  be,  however,  a  linear  function 
of  the  t/D  ratio.  With  each  increase  in  t/D  ratio  the  decrease  in  displacement 
became  less,  until  an  asymptotic  displacement  value  was  reached  that  could  not 
be  decreased  further  by  increases  in  t/D  ratios.  At  1,000  hours  after  initiation 
of  sustained  loading,  the  asymptotic  displacement  values  for  1-inch  minor  diam¬ 
eter  windows  were  as  follows; 


Conical  Angle  Displacement 

(deg)  t/D  Ratio  (in.) 


30 

1.250 

0.085 

60 

1.000 

0.054 

90 

0.875 

0.045 

120, 150 

0.875 

0.036 

The  rate  of  displacement  was  also  observed  to  be  a  function  of  t/D 
ratio,  conical  angle,  and  duration  of  sustained  loading.  In  general,  the  rate  of 
displacement  was  inversely  proportional  to  all  of  the  above-mentioned  param¬ 
eters.  The  rate  of  displacement  is  so  high  immediately  after  pressurization  to 
10,000  psi  and  drops  off  so  rapidly  thereafter  that  the  magnitude  of  displace¬ 
ment  reached  by  windows  I  hour  after  pressurization  represents  generally 
more  than  50%  of  the  total  displacement  observed  on  the  window  after 
1,000  hours  of  sustained  loading. 
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Table  4,  Average  Displacement  of  Conical  Acrylic  Vi/indows  During 
Sustained  Loading  at  10,000  Psi 


t/D 

Included 

Conical 

Angle 

(deg) 

Average  Displacement  (in.)  After  — 

1 

Hour 

10 

Hours 

100 

Hours 

500 

Hours 

1,000 

Hours 

0.500 

30 

60 

0.146 

— 

— 

— 

90 

0.062 

0.102 

— 

— 

- 

120 

0.050 

0.066 

0.195- 

- 

— 

150 

0.050 

0.064 

0.194 

“ 

- 

0.625 

30 

0.180 

0.197 

0.340 

0.524 

60 

0.057 

0.066 

0.076 

0.081 

0.084 

90 

0.046 

0.047 

0.054 

0.058 

120 

0.036 

0.038 

0.045 

0.049 

0.053 

150 

0.032 

0.038 

0.041 

0.045 

0.048 

0.750 

30 

0.120 

0.126 

0.133 

0.138 

0.140 

eo 

0.052 

0.059 

0.065 

0.069 

0.071 

90 

0.042 

0.044 

0.048 

0.051 

0.052 

120 

0.035 

0.036 

0.039 

0.041 

0.042 

150 

0.031 

0.033 

0.038 

0.039 

0.040 

0.875 

30 

0.085 

0.092 

0.103 

0.106 

0.108 

60 

0.046 

0.048 

0.055 

0.055 

mmm 

90 

0.038 

0.038 

0.044 

0.044 

0.045 

120 

0.034 

0.035 

0.036 

0.039 

0.040 

150 

0.030 

0.030 

0.035 

0.037 

1.000 

30 

0.076 

0.078 

0.078 

0.081 

0.082 

60 

0.042 

0.043 

0.048 

0.052 

0.053 

90 

0.033 

0.035 

0.042 

0.043 

0.044 

120 

0.030 

0.030 

0.034 

0.038 

0.039 

150 

0.028 

0.029 

0.034 

0.036 

0.037 

1.250 

30 

0.074 

0.076 

0.077 

0.077 

0.079 

60 

0.041 

0.041 

0.047 

0.051 

0.053 

90 

0.032 

0.034 

0.041 

0.042 

0.043 

120 

0.029 

0.029 

0.034 

0.037 

0.038 

150 

0.027 

0.028 

0.033 

0.035 

0.036 
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Figure  12.  Displacement  of  conical  acrylic  plastic  windows  under 
sustained  pressure  loading  as  a  function  of  window's  ii 
conical  angle. 


(b)  After  10  hours  of  sustained  loading. 
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(e)  Windows  with  150-degree  included  conical  angle. 
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Figure  13.  Displacements  of  conical  acrylic  plastic  windows  under  10,000  psi 
sustained  pressure  loading  as  a  function  of  window''s  t/D  ratio. 
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The  magnitudes  of  displacement  observed  on  full-scale  windows 
with  t/D  =  1.00,  a  90-degree  conical  angle,  and  4.00-inch  minor  diameter 
were  approximately  four  times  larger  than  the  displacement  of  model  win¬ 
dows  with  ide.  deal  t/D  ratios  and  conical  angles  but  only  1.00-inch  minor 
diameters.  This  confirms  the  findings  made  in  previous  studies  that  the 
magnitude  of  axial  displacement  scales  linearly  with  the  minor  diameter  of 
the  window  providing  t/D,  conical  angle,  temperature,  pressure  loading  and 
duration  of  loading  remain  the  same. 


FINDINGS 

1.  Conical  acrylic  windows  under  10,000-psi  long-term  hydrostatic  loading 
deform  either  viscoelastically,  or  viscoplastically,  the  mode  depending  on 
the  conical  angle,  thickness-to-diameter  ratio,  duration  of  loading,  and 
ambient  temperature. 

2.  The  deformation  of  the  windows, is  in  the  form  of  a  cylindrical  plug  on 
the  low-pressure  side  and  a  craterlike  depression  on  the  high-pressure  face. 

3.  The  deformation  is  a  direct  function  of  temperature  and  duration  of 
loading,  and  an  inverse  function  of  conical  angle  and  t/D  ratio. 

4.  The  windf  ws  that  experienced  no  permanent  deformation  (as  determined 
by  measurements  after  a  single  1 ,000-hour  sustained  loading  at  10,000  psi 
followed  by  a  relaxation  period  of  1,000  hours)  were  (1)  30-degree  windows 
with  t/D  >0.750  and  (2)  60-,  90-,  120-,  and  150-degree  windows  with  t/D 
>0.625. 

5.  No  cracks  were  observed  in  90-,  120-,  and  150-degree  windows  with 
t/D  >  0.750.  Windows  with  30-  and  60-degree  angles  had  cracks  in  the 
whole  0.625  <  t/D  <  1 .250  range  of  ratios. 

6.  The  magnitude  of  axial  displacement  of  windows  through  the  opening 

in  the  flange  is  a  direct  function  of  the  temperature  and  duration  of  loading, 
and  an  inverse  function  of  conical  angle  and  t/D  ratio. 

7.  For  each  conical  angle  of  windows  under  1,000-hour  sustained  loading  at 
10,000-psi  pressure,  there  is  a  corresponding  t/D  ratio  at  which  any  further 
increase  in  t/D  ratio  ceases  to  produce  any  further  decrease  in  magnitude  of 
displacement; 


t/D  Ratio 

Conical  Angle  (deg) 

1.250 

30 

1.000 

60 

0.875 

90, 120, 150 
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8.  The  asymptotic  displacement  values  for  conical  acrylic  windows  with  t/D 
ratios  equal  to  or  larger  than  those  enumerated  in  Finding  7  are  at  1,000-hour 
loading  approximately: 


Displacement  (in.)  Conical  Angle  (deg) 


0.085 

30 

0.054 

60 

0.045 

90 

0.036 

120, 150 

9.  The  rate  of  displacement  is  a  direct  function  of  temperature  and  an 
inverse  function  of  t/D  ratio,  conical  angle,  and  duration  of  loading. 


CONCLUSIONS 

Conical  acrylic  windows  are  suitable  for  applications  under  long-term 
sustained  hydrostatic  loading  of  10,000  psi  providing  the  proper  t/D  ratio  for 
a  given  conical  angle  is  chosen.  Windows  with  conical  angles  >  90  degrees 
require  a  minimum  t/D  ratio  of  0.75  for  crack-free  life  of  1,000  hours  under 
a  single  sustained  pressure  loading. 


RECOMMENDATIONS 

For  design  and  fabrication  of  conical  acrylic  windows  under  long-term 
hydrostatic  loading  of  10,000  psi  detailed  information  and  specifications  con¬ 
tained  in  Appendixes  A,  B,  and  C  should  be  taken  into  consideration. 
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Appendix  A 


DESIGN  OF  WINDOW  AND  FLANGE  SYSTEMS  FOR 
LONG-TERM  LOADING  AT  10,000-PSl  PRESSURE 


INTRODUCTION 

Wnen  the  data  generated  in  this  study  are  to  be  applied  to  the  design 
of  windows  for  deep-submergence  systems,  several  design  and  operational 
parameters  must  be  carefully  evaluated.  The  most  important  operational 
parameter  that  must  be  considered  is  the  type  of  pressure  loading  to  which 
the  pressure-resistant  structures  with  windows  will  be  subjected.  For  ease 
of  discussion,  hydrostatic  pressure  loadings  can  be  classified  into  four  general 
categories.  These  loading  categories  are  (1)  static  short-term,  (2)  sustained 
long-term,  (3)  cyclical,  and  (4)  dynamic. 

The  short-term  static  pressure  loading  has  been  defined  as  a 
continuous  pressure  rise  at  some  arbitrarily  set  pressure  rise  rate  until  a 
predetermined  pressure  is  reached;  at  this  point,  the  pressure  is  released  at 
the  same  rate.  The  pressure  rise  rate  selected  for  NCEL  window  studies’'^'^ 
was  650  psi/min. 

Long-term  sustained  pressure  loading  is  defined  here  as  raising  the 
pressure  at  some  set  rate  to  a  predetermined  pressure  level  and  holding  it 
there  for  the  whole  duration  of  the  mission.  Depending  on  the  duration  of 
the  constant  pressure  application,  the  long-term  pressure  loading  is  further 
defined  by  the  number  of  hours,  or  days  that  it  is  maintained  on  the  window.'’ 

Cyclical  pressure  loading  is  defined  as  varying  the  pressure  between 
arbitrary  maximum  and  minimum  pressure  levels  with  the  period  of  pressure 
fluctuation  being  either  constant  or  variable. 

Dynamic  pressure  loading  depends  for  its  definition  on  the  arbitrary 
dividing  line  between  short-term  static  and  dynamic  pressure  rise  rate,  which 
for  windows  used  in  submersibles  probably  can  be  placed  at  5,000  psi/min. 
The  dynamic  pressure  application  may  be  short-term  if  applied  once  or 
cyclical  if  applied  repeatedly. 

WINDOWS 

Selection  of  t/D  Ratios 

The  data  that  have  been  generated  in  this  study  are  applicable  directly 
with  some  extrapolation  only  to  design  of  truncated  cone  acrylic  windows 
under  short-term  or  lon^-term  loadin<^  at  10,000  psi,  since  the  test  specimens 
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in  this  study  underwent  short-term  pressurization  at  the  rate  of  650  psi/min 
followed  by  long-term  steady  pressure  loading  at  10,000  psi.  On  the  basis  of 
this  data  a  guideline  can  be  suggested  for  the  benefit  of  the  engineer  designing 
acrylic  hydrospace  windows  of  truncated  cone  shape  for  a  one-time,  long-term 
pressurization  to  10,000  psi  in  the  32°F-to-75°F  temperature  range. 

Design  Guideline  1.  For  applications  in  v^yich  the  truncated  cone  acrylic 
windows  serve  as  high-grade  optical  lenses  for  manned  capsules  under  s  singk  sustained 
pressure  loading  of  10,000  psi  in  32^F-75°F  temperature  range,  the  following  minimur.t 
window  dimensions  are  recommended: 


Flange 

Included  Conical 

t/D  Ratio  for  Sustained  Loading  Period  of — 

Angle  (deg) 

1  Hour 

100  Hours 

1 ,000  Hours 

100,000  Hours 

30 

1.500 

1.750 

2.000 

2.500 

(See  Design 
Guideline  2) 

60 

1.000 

1.250 

1.500 

2.000 

90 

0.625 

0.625 

0.750 

1.000 

120 

0.625 

0.625 

0.750 

1.000 

150 

0.625 

0,625 

0,750 

1.000 

The  t/D  ratios  acceptable  for  optical  applications  of  truncated  cone 
acrylic  windows  have  been  selected  after  a  thorough  consideration  of  three 
parameters  of  importance  in  operational  window  performance;  (1 )  magnitude 
of  axial  displacement  during  the  long-term  pressure  loading,  (2)  deformation 
of  high-  and  of  low-pressure  faces,  and  (3)  magnitude  of  penetration  and  loca¬ 
tion  of  cracks  on  the  conical  surface  during  the  sustained  loading.  Since  it  is 
virtually  impossible,  regardless  of  t/D  ratio  and  angle  chosen,  to  completely 
eliminate  time-dependent  cold  flow  of  the  acrylic  plastic  at  10,000-psi  hydro¬ 
static  pressure,  an  engineering  judgment  was  made  on  what  constitutes  the 
minimum  acceptable  performance  of  the  acrylic  window  from  the  optical 
and  safety  viewpoints. 

A  window  is  considered  to  be  safe  for  manned  operation  if  during  a 
single  sustained  pressure  loading  of  10,000  psi  in  the  32°F-to-75°F  range 
for  the  specified  maximum  duration  no  cracks  or  crazing  were  present  on 
the  high-  and  low-pressure  faces,  while  the  conical  bearing  surface  exhibited 
only  minor  crazing,  if  any.  Total  axial  displacement  in  the  range  of  0.04  D 
to  0.08  D  at  the  end  of  the  specified  period  of  loading  presents  no  operational 
difficulties  for  the  observer.  The  window  is  optically  acceptable  if  it  causes 
no  distortion  of  viewed  objects  in  hydrospace  for  an  obseiver  whose  eyes  are 
within  10  inches  of  the  low-pressure  face. 


Applicability  of  Data  to  Other  Loading  Conditions 

As  previously  mentioned,  the  experimental  data  generated  in  this  study 
is  applicable  with  reasonable  extrapolation  only  to  a  single  short-  or  long-term 
static  pressure  loading  at  10,000  psi.  However,  since  very  few  data  are  now 
available  for  the  design  of  windows  subjected  to  long-term  loading  at  pressures 
other  than  those  used  in  this  study,  some  designers  may  be  templed  to  base 
their  selection  of  window  proportions  on  the  data  from  this  study.  This  is  not 
recommended  Tlie  factors  for  adjusting  t/D  ratios  from  this  study  for  other 
pressure  levels  have  not  yet  been  developed.  Studies,  however,  have  been  com¬ 
pleted  that  provide  this  information  for  20,000-psi  applications.**  The  results 
of  long-term  pressure  study  at  5,000  psi  will  be  published  m  late  1971. 

It  is  recommended  as  operationally  desirable  that  the  minimum  t/D 
ratios  acceptable  for  10,000-psi  long-term  pressure  loading  also  be  used  for 
pressures  in  the  5,000-to-10,000-psi  range.  This  change  in  long-term  opera¬ 
tional  static  pressure  magnitude  will  make  it  possible  to  proof-test  such 
windows  to  10,000  psi  without  damaging  them. 

The  experimental  data  of  this  report  also  should  not  be  used  for 
the  direct  selection  of  windov/  proportions  for  applications  where  the  win¬ 
dow  IS  subjected  to  cyclic  short-term  or  long-term  pressurizations.  Caution 
is  advised  here  because  the  relationship  between  the  effect  of  cyclic  and  long¬ 
term  loading  conditions  on  the  initiation  of  fractures  in  acrylic  windows  is 
not  known.  However,  in  view  of  the  fact  that  cyclic  pressurization  data  for 
windows  operating  at  10,000  psi  are  either  nonexistent  or  very  scarce,  designers 
may  also  be  tempted  to  use  long-term  pressure  loading  data  contained  in  this 
report  for  the  design  of  windows  for  cyclic  pressure  service.  Designers  who  do 
this  are  advised  that  the  window  proportions  recommended  for  100,000-hour 
sustained  loading  at  10,000  psi  will  probably  perform  quite  satisfactorily  at 
10,000-psi  cyclic  loading  so  long  as  the  maximum  duration  of  the  pressure 
cycle  is  less  than  100  hours.  If  window  proportions  are  selected  for  cyclic 
service  on  this  basis,  evaluation  of  the  prototype  full-scale  window  under 
simulated  operational  conditions  is  recommended. 

Window  Fabrication 

Since  the  windows  rely  on  intimate  contact  with  the  conical  flange 
cavity  surface  for  their  high-pressure  sealing  as  well  as  for  their  restraint 
against  axial  displacement,  an  accurate  fit  with  that  cavity  is  of  great  impor¬ 
tance.  For  this  reason  the  maximum  allowable  machining  tolerances  on  the 
window  must  not  exceed  ±0.005  inch  on  the  minor  diameter,  0.010  inch  in 
thickness,  and  ±15  minutes  of  included  conical  angle. 
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The  windows  are  fabricated  by  machining  acrylic  stock  having  the 
mechanical  and  physical  properties  of  Plexiglas  G  plate.  FOur-inch-thick 
commercially  available  plate,  a  custom  cast  block,  or  a  block  made  up  by 
bonding  of  several  standard  acrylic  plates  can  serve  as  machining  stock.  In 
the  case  of  custom  cast  or  bonded  blocks,  the  end  product  must  have  the 
same  mechanical  and  physical  properties  as  a  monolithic,  commercially 
available  4-inch-thick  Plexiglas  G  plate.  It  is  particularly  important  that 
the  tensile  strength  of  the  bonds  in  the  bonded  acrylic  block  be  equal  to 
or  approach  (6.C00-psi  minimum)  that  of  the  parent  material  (Table  1). 

Regardless  of  the  machining  stock  used,  the  window  should  be 
annealed  twice  during  its  fabrication:  once  after  rough  machining  when 
it  is  v/ithin  approximately  0.125  inch  of  finished  dimensions,  and  a  second 
time  when  it  has  been  machined  to  its  final  dimensions  and  the  surfaces 
have  been  polished.  Without  annealing,  the  conical  bearing  surfaces  of  the 
window  vi/ill  craze  and  crack  sooner  under  operational  service. 

The  machined  surface  of  the  conical  bearing  surface  of  the  window 
sliould  have  a  smoothness  of  at  least  63  rms  followed  by  polishing.  If  the 
surface  finish  is  rougher,  crazing  and  cracking  of  the  conical  bearing  surface 
could  initiate  sooner  in  operational  service. 

Proof-Testing  of  Windows 

When  the  experimental  data  contained  in  this  report  are  used  for 
the  design  of  windows,  care  must  be  taken  not  to  damage  the  windows  with 
excessive  overpressure  proof-testing.  The  basic  ground  rule  for  windows 
selected  on  the  basis  of  long-term  tests  described  in  this  report  is  that  conical 
acrylic  windows  should  not  be  subjected  to  pressures  above  10,000  psi,  regard¬ 
less  whether  this  occurs  during  the  operational  life  of  the  window  or  during 
the  proof-test  that  precedes  it.  Because  of  this,  if  the  operational  service  of 
the  windows  is  to  be  at  10,000  psi,  the  proof  pressure  preceding  the  opera¬ 
tional  use  of  the  windows  must  only  be  equal  to  operational  pressure.  If  for 
some  reason  the  proof  pressure  must  be  in  excess  of  operational  pressure, 
then  accordingly  the  operational  pressure  rating  must  be  reduced  below  the 
10,000-psi  pressure  level. 

Since  the  proof-test  to  10,000  psi  prior  to  placement  of  the  window 
in  actual  service  constitutes  a  loading  cycle,  it  is  important  to  make  it  as  brief 
as  possible  so  that  it  does  not  substantially  reduce  the  rated  long-term  life  of 
the  window  in  subsequent  operation  under  service  conditions.  In  addition  to 
proof-testing  each  window,  quality  control  in  the  procurement  of  acrylic  stock, 
and  in  machining,  annealing,  and  bonding  of  the  window  is  required.  If  this 
quality  control  in  fabrication  is  augmented  by  the  destructive  testing  under 
short-term  conditions  of  a  window  selected  at  random  from  the  same  group 
of  windows  on  the  production  line,  very  reliable  windows  for  long-term 


loading  can  be  obtained.  In  this  manner  even  though  one  windov/  is  sacrificed 
to  destructive  proof-testing,  the  remaining  windows  from  the  same  production 
batch  retain  most  of  their  potential  pressure-resisting  capability  for  actual  serv¬ 
ice. 

If  the  proof-testing  of  operational  windows  to  10,000  psi  is  a  firm 
requirement  for  certification,  the  t/D  ratio  of  windows  for  sustained  service 
at  10,000  psi  should  be  based  on  design  guideline  1  for  100,000  hours  sus¬ 
tained  loading  duration. 


FLANGES 

Configurations 

Although  all  the  bulk  of  experimental  data  of  this  study  has  been 
generated  in  the  DOL  1  flange  and  window  configuration  (Figure  A-1),  a 
minor  modification  of  this  configuration  is  recommended  for  full-size  hydro¬ 
space  windows  to  give  the  user  an  added  margin  of  safety  for  windows  whose 
proportions  have  been  selected  on  the  basis  of  this  study. 

The  recommended  modification  to  the  DOL  1  flange  and  window 
configuration  consists  of  locating  the  window's  low-pressure  face  further 
away  from  the  cylindrical  passage  in  the  flange  to  provide  not  only  radial 
but  axial  restraints  for  the  extruding  portion  of  the  window.  Such  a  flange 
and  window  configuration,  designated  as  DOL  5  flange  (Figure  A-2),  permits 
the  windows  to  extrude  somewhat  less  than  the  windows  described  in  this 
study  and  thus  give  the  designer  extra  margin  of  safety  and  optical  perfor¬ 
mance. 

In  order  to  minimize  the  displacement  of  the  window  under  sustained 
operational  pressure,  as  well  as  to  provide  a  necessary  margin  of  safety  for 
overpressures  to  which  the  windows  may  be  accidentally  or  intentionally 
(as  in  proof-testing)  exposed,  the  engineer  must  design  the  window  flange 
opening  with  required  radial  and  axial  support  for  the  window.  The  dimen¬ 
sions  of  DOL  5  window  flanges  have  been  calculated  and  are  presented  in 
guideline  2.  These  calculations  are  based  on  two  assumptions.  The  first  is 
that  the  distance  b  between  the  window's  low-pressure  face  in  the  conical 
flange  cavity  and  the  bottom  of  the  conical  cavity  must  be  approximately 
the  same  as  the  displacement  of  the  window  with  recommended  t/D  ratio 
during  the  specified  duration  of  sustained  loading  at  10,000  psi.  The  second 
is  that  either  an  overpressure  or  extension  of  rated  loading  duration  may  be 
encountered  by  the  structure  during  its  life  and  therefore  an  additional 
allowance,  fi,  equal  at  least  to  b  should  be  made  for  window  displacement 
in  the  cylindrical  flange  cavity. 
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0  •  minor  window  diamater 


Figure  A-1.  Characteristics  of  DOL  1  flange  and  window  assembly  used  in  the 
current  study. 


The  first  assumption  must  be  taken  into  account.  The  second  one 
should  be  considered,  but  in  many  cases  no  pressures  higher  than  operational 
will  be  encountered,  and  thus  no  provisions  have  to  be  made  for  displacements 
caused  by  overpressure  or  for  duration  of  loading  past  the  originally  specified 
time  span. 

Design  Guideline  2.  For  applications  in  which  the  truncated  cone  acrylic  windows 
serve  as  high-grade  optical  lenses  for  manned  capsules  under  sustained  pressure  loading  of 
10,000  psi  in  32°F-to-75®F  temperature  range,  the  following  minimum  flange  cavity  pro¬ 
portions  are  recommended: 


Window 

Flange 

Included  Angle 

D/D, 

Cylindrical 

(deg) 

Ratio 

Passage  Length,  2 

30 

1.05 

>0.1  D 

(See  Design 
Guideline  1) 

DOL  5 

60 

90 

1.10 

1.15 

>0.1  D 
>0.1  D 

120 

1.20 

>0.1  D 

150 

1.42 

>0.1  D 

30 


Note: 


OOL  5  Assembly 


1.  a*  —To  be  chosen  by  designer  on  basis  of  stress  Held  evaluation  in  the  flange 

2.  (3*  —To  be  chosen  by  designer  on  basis  of  optical  viewing  requirements 

3.  S  >  b  for  all  t/D  ratios  and  conical  angles  (a) 

4.  b  >  displacement  of  window  during  the  sustained  pressure  loading  for 

specified  period  of  time 

5.  0  >  Of  tor  all  t/0  ratios  and  conical  angles  Cr 

Figure  A-2.  Characteristics  of  DO  L  5  flange  and  window  assembly  {the  assembly 
recommended  for  long-term  10,000-psi  pressure). 

Finishes  and  Tolerances 

The  experimental  data  relating  flange-seat  surface  roughness  to  crack 
initiation  in  the  bearing  surface  of  conical  acrylic  windows  under  long-term 
loading  is  inconclusive.  Therefore,  no  definite  recommendation  that  would 
be  applicable  to  all  t/D  ratios  and  angles  can  be  made  for  a  particular  surface 
finish  at  this  time.  It  can  be  only  stated  that  so  long  as  the  surface  finish  is 
in  the  range  of  32  to  125  rms,  the  acrylic  conical  windows  will  perform  satis¬ 
factorily.  The  surface  finish  of  the  flanges  used  in  this  study  was  63  rms,  it 
performed  quite  acceptably  and  can  be  considered  a  happy  compromise 
between  the  more  expensive  32-rms  finish  and  the  rough  125-rms  finish. 

Although  exploratory  experimental  data  indicate  that  an  angle  mis¬ 
match  between  the  acrylic  plug  and  the  conical  flange  seat  of  1  to  2  degrees 
magnitude  does  not  noticeably  affect  the  critical  pressure  of  the  window, 
the  mismatch  should  be  kept  to  a  minimum  to  eliminate  high-pressure  sealing 
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problems.  To  minimize  leaking,  deviation  of  the  conical  fiange  cavity  from 
the  specified  angle  should  be  in  the  ±5-to-±  15-minute  range,  easily  attained 
vvith  ordinary  machine  shop  practice. 

The  effect  of  variation  in  the  minor  diameter  of  the  conical  cavity  on 
the  displacement  and  critical  pressure  of  the  conical  acrylic  windows  varies 
with  the  type  of  window-flange  system  used.  The  effect  of  variation  is  most 
pronounced  for  the  DOL  2  window/flange  system  and  least  pronounced  for 
the  DOL  5  system.  Since  DOL  5  system  (Figure  A-2)  is  the  one  recommended 
for  windows  under  long-term  hydrostatic  loading,  the  diametral  tolerance  for 
minor  diameter  of  conical  fiange  cavity  may  be  in  the  range  ±0.001  to  ±0.005 
inch.  These  tolerances  are  readily  achieved  with  ordinary  machining  processes. 


SEALS 

Requirements 

One  of  the  major  problems  encountered  in  the  design  of  window 
systems  for  long-term  loading  is  the  design  of  seals.  The  difficulty  m  the 
design  of  seals  for  such  a  system  stems  from  the  fact  that  there  are  three 
separate  operational  requirements  that  the  seals  must  satisfy. 

1.  The  window  system  must  be  watertight  at  low  pressures  while 
the  capsule,  or  habitat,  is  being  towed  to  its  location. 

2.  The  window  system  must  be  watertight  at  the  maximum 
operational  pressure  during  the  projected  duration  of  the 
mission  on  the  ocean  bottom. 

3.  The  window  system  must  be  watertight  upon  return  of  the 
capsule,  or  habitat,  to  the  ocean  surface,  and  during  the  sub¬ 
sequent  towing  to  dock. 

It  IS  relatively  easy  to  satisfy  the  first  two  requirements.  Any 
ordinary  gasket  will  seal  the  high-pressure  face  of  the  window  against  the 
window-retaining  ring  at  low  hydrostatic  pressure,  while  the  greased  surface 
of  the  window  acts  as  a  seal  itself  under  high  external  hydrostatic  pressure. 
It  is  much  more  difficult  to  satisfy  the  third  requirement  because  the  win¬ 
dow  has  experienced  viscoelarric  deformation  during  its  long-term  service 
under  operational  pressure  of  10,000  psi.  Upon  return  of  the  capsule  to 
the  ocean  surface  there  is  a  tendency  for  the  windows  to  leak;  because 
viscoelastic  displacement  of  the  window  has  taken  place,  the  gasket 
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between  the  window-retaining  ring  and  the  window  is  no  longer  compressed. 
There  are  many  design  approaches  that  will  mitigate  or  completely  eliminate 
the  problem  of  window  leakage  upon  return  of  the  capsule  or  habitat  to  the 
ocean  surface  after  its  long-ierm  submergence. 

Seal  Evaluation 

From  the  aspect  of  space  required  to  contain  the  window  and  its  seal 
system,  the  compressed  gasket,  the  elastomeric  wiper  ring  of  triangular  cross 
section,  and  the  axially  compressed  0-ring  {Figure  A-3)  called  for  the  least 
space.  They  required  a  conical  flange  cavity  whose  depth  was  only  somewhat 
greater  than  the  window's  thickness.  Thus  it  would  appear  that  in  hydrospace 
window  applications  in  which  the  depth  of  the  conical  flange  cavity  in  the 
pressure  hull  must  be  kept  to  a  minimum  because  of  limited  hull  thickness, 
such  seal  designs  are  attractive. 

One  shortcoming  of  the  compressed  gasket  and  the  wiper  seal  designs 
is  that  for  low-pressure  sealing  capability  at  the  termination  of  the  long-term 
pressure  loading  they  both  rely  on  the  elastomeric  properties  of  the  gaskets 
that  initially  were  axially  compressed  at  least  0.1  D.  If,  due  to  the  action  of 
seawater,  hydrostatic  pressure,  low  temperature,  and  high  initial  compression, 
a  permanent  set  of  the  elastomer  occurs,  it  will  lose  its  ability  to  force  the 
window  into  contact  with  the  flange  cavity  surface  and  thus  not  provide 
sealing  at  low  pressures. 

From  the  aspect  of  sealing  ability  after  long-term  pressure  loading 
during  which  the  elastomers  in  the  seals  acquire  a  considerable  permanent 
set,  the  seal  designs  incorporating  an  elastomeric  0-ring  or  the  channel  seal 
are  the  most  desirable.  The  latter  seals  maintain  contact  with  the  flange 
cavity  surface  even  with  permanent  set  in  the  elastomeric  seal  as  a  result  of 
the  force  exerted  on  the  window  by  precompressed  metallic  springs.  Of  these 
two  types  of  seals,  the  ones  incorporating  the  elastomeric  0-ring  are  more 
desirable  because  they  utilize  only  off-the-shelf  commercial  elastomeric  rings 
that  are  available  in  many  formulations, 

A  major  shortcoming  of  these  sealing  systems  is  the  stress  raiser  effect 
introduced  into  the  window  bearing  surface  by  the  presence  of  grooves  machined 
for  the  placement  of  seals.  This  stress  raiser  effect  is  most  severe  in  the  groove 
cut  for  the  axial  0-ring  seal,  particularly  in  windows  with  a  30-degree  included 
angle.  The  stress  raiser  effect  of  the  axial  0-ring  seal,  however,  has  negligible 
influence  on  the  critical  pressure  or  life  of  the  window  if  the  groove  is  located 
not  further  than  t/3  from  the  high-pressure  face  of  the  window  (Figure  A-1), 
since  in  that  area  the  stresses  generated  by  hydrostatic  loading  of  a  conical 
window  are  generally  low. 
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In  terms  of  window  displacement,  the  radial  0-ring  seal  is  the  most 
desirable  one  as  the  window  is  approximately  25%  thicker  than  designs  incor¬ 
porating  plain  gasket,  wiper  type  seal,  or  axial  0-ring  seals;  at  the  same  time 
the  radial  0-ring  design  does  not  have  the  serious  stress  raiser  effect  of  the 
channel  seal  groove.  Because  of  the  added  window  thickness  that  the  radial 
0-ring  seal  requires  and  the  low  stress  raiser  effect,  it  is  considered  to  be  the 
most  conservative  window  seal  system. 

Seal  Selection 

In  view  of  the  considerations  discussed  in  the  section  on  seal  design 
evaluation,  it  can  be  postulated  that  for  long-term  loading  at  a  hydrostatic 
pressure  of  10,000  psi  only  two  seal  designs  are  attractive.  Where  the  window 
cavity  in  the  flange  is  to  have  the  least  axial  length  possible  and  where  the 
economics  of  window-seal  system  fabrication  are  important,  the  simple 
gasket  seal  design  is  preferable. 

Design  Guideline  3.  For  the  simple  gasket  seal,  the  design  guidelines  for  selecting 
the  magnitude  of  elastic  gasket  precompression  under  the  window  retainer  ring  depend  on 
the  design  guidelines  used  in  the  selection  of  window  t/D  ratios. 


Selection  of 
Window  t/D 

Corresponding  Conical 
Cavity  Dimensions 

Corresponding  Gasket  Compressions" 
Under  Retainer  Ring(s)  for  Included  Angles — 

30° 

60° 

90° 

■  20° 

150° 

Guideline  1 

Guideline  2 

0.08  D 

0.06  D 

C.06D 

0.05  D 

0.05  D 

“  Minimum  precompression. 


If  the  gaskets  are  compressed  (Figure  A-4)  as  recommended,  and  no 
permanent  set  of  the  elastomeric  gasket  occurs,  the  seal  should  perform  ade¬ 
quately  prior  to  the  long-term  pressure  loading,  during  the  sustained  long-term 
loading  of  10,000  psi,  and  in  low-pressure  service  encountered  by  the  window 
when  the  ocean  bottom  habitat  or  capsule  returns  to  the  ocean's  surface. 

In  applications  in  which  (1)  a  deeper  flange  cavity  can  be  tolerated, 

(2)  off-the-shelf  commercial  0-rings  are  available  for  that  particular  window 
diameter,  (3)  some  pressure  cycling  will  be  present,  and  (A)  a  more  conservative 
window  design  is  preferred,  the  radial  0-ring  seal  is  recommended. 
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Prior  to  Compression 


After  Compression 


y  -  X  =  compression 


Figure  A-4.  Parameters  for  selection  of  gasket  seal  compression  according 
to  '■>  sign  Guideline  (Appendix  A). 


Design  Guideline  4.  For  the  radial  O-ring  seal,  the  design  guidelines  for 
selecting  the  magnitude  of  the  cylindrical  lip  on  the  window  and  corresponding  cylin¬ 
drical  recess  in  the  flange  depend  on  the  design  guidelines  used  in  the  selection  of  window 
t/D  ratios. 


Selection  of 
Windov/  t/D 

Corresponding  Conical 
Cavity  Dimensions 

Corresponding  Dimensions"  of 

Lower  Cylindrical  Windows 

Lip  (k)  for  Included  Angles — 

CO 

60° 

90° 

120° 

o 

o 

to 

Guideline  1 

Guideline  2 

0.2  D 

0.2  0 

0.2  D 

0.2  D 

0.2  D 

Minimum  thickness. 


The  foregoing  description  of  dimensions  (Figure  A-5)  recommended 
for  the  lower  cylindrical  window  lip  does  no  describe  the  overall  thickness  of 
the  lip,  but  just  its  lower  portion  below  the  O-ring  groove.  In  order  to  specify 
the  window,  however,  one  must  also  know  the  overall  thickness  of  the  lip.  To 
arrive  at  that  dimension  K,  one  must  add  to  k  the  width  of  the  O-ring  groove 
w  and  the  upper  cylindrical  window  lip  n.  Both  of  these  dimensions  do  not 
depend  on  the  magnitude  of  the  external  pressure  to  which  the  window  will 
be  subjected  but  on  the  size  of  the  O-ring,  which  in  many  cases  is  chosen 
solely  on  the  basis  of  the  window  diameter. 

In  general,  the  width  of  the  groove  should  be  >0.1 5  inch  for  1/8-inch 
0-rings  associated  with  small  windows  and  >0.3  inch  for  1/4-incn  0-rings  used 
in  large  windows.  The  upper  cylindrical  window  lip  should  be  at  least  equal  in 


thickness  to  the  groove  width,  or  may  be  even  thicker  to  prevent  its  chipping 
during  handling  of  windows  at  installation.  The  resulting  window,  because 
-of  its  added  thickness  is  quite  conservative  for  service  at  10,000  psi. 


SUMMARY 

To  tie  the  many  design  guidelines  together  that  are  spelled  out  in 
Appendix  A,  two  typical  windows  will  be  designed  and  dimensioned. 

Case  A 


Requirements 

Pressure: 

Type  of  loading: 
Type  of  service: 
Cone  angle: 
Type  of  seal: 
Minor  diameter: 


10,000  psi 

Sustained,  1 ,000  hours 
Optical  observation  of  hydrospace 
90  degrees 
Radial  0-ring 
1  inch 


Dimensioning 

Optical  service  requires  that  Design  Guideline  1  be  used  for  window 
t/D  selection  (in  this  case  t/D  =  0.750),  Design  Guideline  2  for  flange  cavity 
D/D,  selection  (in  this  case  D/D,  =  1.15  and  2  =  0.1  D),  and  Design  Guideline 
4  for  radial  0-ring  seal  and  window  lip  thickness  sfcit-ction  (k  =  0.2  D,  w  =  0.15, 
n  =  0.15).^  The  configuration  of  the  window  and  flange  is  shown  in  Figure  A-6. 


Case  6 


Requirements 

Pressure: 

Type  of  loading: 
Type  of  service: 
Cone  angle: 
Type  of  seal: 
Minor  diameter: 


10,000  psi 

Sustained,  1,000  hours 
Optical  observation  of  hyd'-ospace 
90  degrees 
Gasket  seal 
1  inch 
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Figure  A-6.  Typical  design  of  radial  0-ring  seal  on  a  90-deg.ee  window  for 
1,000  hours  of  service  at  sustained  10,000-psi  pressure  in  32°F- 
to-75°F  temperature  range. 


Dimensioning 

Optical  observation  service  requires  that  Design  Guideline  1  be  used 
for  window  t/D  selection  (in  this  case  t/D  =  0.75),  Design  Guideline  3  ^or 
flange  cavity  D/Dj  selection  (in  this  case  D/D{  =  1.15,  fi  =  0.1  D),  and  Design 
Guideline  3  for  gasket  seal  precompression  specification  (in  this  case  0.06  D). 
The  configuration  of  the  window  is  shown  in  Figure  A-7. 

Since  all  of  the  design  guidelines  discussed  in  Appendix  A  had  as  their 
objective  a  window  that  performs  reliably  and  safely  in  5,000-to-10,000-psi 
pressure  range  and  32°F-to-75°F  temperature  range,  an  approach  to  dimen¬ 
sioning  was  used  that  always  assumed  the  windov»^s  would  be  used  at  the  most 
severe  loading  condition.  Thus  it  can  be  expected  that  when  an  optical  service 
window  sealed  with  a  radial  0-ring  is  operated  at  6,000  psi  and  34°F  tempera¬ 
ture  for  less  than  the  whole  span  of  its  rated  life,  the  displacements  of  the 
window  will  be  much  less  than  provided  for  by  the  design  guidelines.  On  the 
other  hand  if  a  gasket-sealed  optical  service  window  is  operated  at  10,000  psi 
and  75°F  temperature  for  the  whole  span  of  its  sustained  loading  rating,  the 
displacements  will  probably  be  equal  to  those  foieseen  by  the  design  guidelines, 
but  not  larger.  If  the  windows  may  during  their  life  be  subjected  to  (1)  pres¬ 
sures  above  10,000  psi  (like  dynamic  overpressures),  (2)  temperatures  above 
75°F  (as  windows  in  deep  ocean  simulation  facilities  on  land),  (3)  cyclic 
loading  to  10,000  psi,  or  (4)  if  optical  requirements  are  especially  stringent, 
then  window  thicknesses  for  100,000-hour  sustained  service  must  be  chosen 
even  though  the  length  of  actual  sustained  loading  may  be  on  the  order  of 
only  several  hours. 


Figure  A-7.  Typical  design  of  gasket  seal  on  a  90-degree  window  for  1 ,000  hours 
of  service  at  sustained  10,000-psi  pressure  in  32°F-to-75°F  tempera¬ 
ture  range. 
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Appendix  B 


EFFECTS  OF  SUSTAINED  PRESSURE  LOADING 
ON  CONICAL  WINDOWS 


INTRODUCTION 

The  windows  subjected  to  sustained  loading  under  10,000-psi 
hydrostatic  pressure  for  time  periods  of  500  and  1 ,000  hours  experienced 
permanent  deformation,  cracking,  or  even  catastrophic  failure.  The  extent 
of  cracking,  or  duration  of  sustained  loading  prior  to  catastrophic  failure 
depended  on  the  included  angle  and  the  t/D  ratio  of  the  1 -inch-diameter 
windows  tested,  so  long  as  the  temperature  of  the  water  was  held  in  the 
65'^F-to-75°F  range  for  all  the  tests.  At  what  exact  time  during  the  sus¬ 
tained  pressure  loading  a  certain  crack  or  cold-flow  crater  was  formed  is 
unknown,  as  no  techniques  were  utilized  that  would  permit  intimate 
observation  of  the  interior  of  the  window  body  during  the  hydrostatic 
loading. 

Since  all  observations  of  damage  to  the  tested  windows  were  made 
only  after  the  testing  was  completed  and  the  windows  were  removed  from 
their  flanges,  it  cannot  be  stated  with  absolute  certainty  which  damage  to 
the  window  occurred  during  the  pressurization  phase  from  0  to  10,000  psi, 
sustained  pressure  loading  phase  at  10,000  psi,  or  unloading  phase  from 
10,000  psi  to  0  psi.  Some  of  the  changes  in  the  window  (e.g.  cold-flow 
cratering  on  the  high-pressure  face  and  the  cold-flow  extrusion 'On  the  low- 
pressure  face)  must  have  taken  place  during  the  hydrostatic  load  application. 
These  deformations  are  clearly  the  responses  of  the  acrylic  window  to 
hydrostatic  force  acting  on  its  high-pressure  face. 

The  time  of  origin  of  the  cracks  in  the  window  is  not  so  obvious. 
Some  of  the  cracks,  such  as  those  on  the  low-pressure  face,  definitely 
appear  during  the  loading  of  the  window;  they  are  caused  by  the  bulging 
of  the  low-pressure  face,  which  induces  local  tensile  stresses  in  the  face. 

Also,  during  some  of  the  tests,  the  low-pressure  faces  were  observed  and 
extensive  cracking  and  fracturing  of  the  face  was  noted  prior  to  failure. 
Whether  the  cracks  at  right  angles  to  the  conical  seating  surface  occurred 
during  the  loading,  or  during  unloading  cannot  be  definitely  ascertained. 
However,  there  is  good  evidence  that  most  cracks  did  originate  during 
the  pressurization  and  sustained  pressure-loading  phases. 

The  case  for  this  supposition  rests  on  two  observed  phenomena. 

One  is  the  penetration  of  lubricant  into  some  very  deep  cracks.  The  lubri¬ 
cant,  could  not  penetrate  into  the  interior  of  the  window  through  the 
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hairline  cracks  if  it  was  not  under  very  high  hydrostatic  pressure.  But  not 
ail  of  the  cracks  were  penetrated  by  grease,  indicating  either  that  some  were 
formed  during  the  depressurization  phase,  or  that  they  were  formed  during 
pressurization  as  shear  cracks,  which  are  kept  from  opening  into  fissures  by 
the  compression  forces  acting  at  right  angles  to  the  crack  surfaces.  Since 
in  explosively  failed  windows  one  can  find  the  failure  surface  to  be  an  out¬ 
growth  of  just  such  cracks,  it  can  be  stated  with  a  fair  degree  of  confidence 
that  most  of  the  shear  type  cracks  at  right  angles  to  the  conical  seating  surface 
form  when  the  window  is  being  pressurized  or  is  under  sustained  ioad  and  not 
during  depressurization.  Because  description  of  cracks  or  crazing  in  individual 
windows  would  be  quite  lengthy,  and  at  best  only  a  poor  substitute  for  visual 
information,  it  has  been  omitted  in  this  report,  instead,  photographs  of  all 
the  tested  windows  have  been  included  that  will  permit  the  designer  to  judge 
for  himself  the  extent  of  damage,  if  any,  that  the  windows  have  incurred  dur¬ 
ing  the  long-term  sustained  loading  of  1,000  hours  at  10,000  psi  hydrostatic 
loading  in  ambient  room  te.mperature  environment  {Figures  B-1  through  8-5). 


^  ■■  ■ 

(b)  Cold-flow  crater  oa  high-pressure  face  of  window  with  t/D  =  0.625. 

Figure  B-1.  Effect  of  1,000-hour  sustained  loading  under  10,000-psi  pressure 
on  30-degree  conicai  acrylic  plastic  windows. 


(a)  Windows  with  t/D  ratios  of  0.500, 0.625, 0.750, 0,875, 1.000,  and  1.250. 


t  ■ 

, 

(b)  Cold-flow  crater  on  high-pressure  face  of  window  with  t/D  =  0.500. 


Figure  B-2.  Effect  of  1,000-hour  sustained  loading  under  10,0C0-psi 
pressure  on  60-degree  conical  acrylic  plastic  windows. 


(b)  Cold-flow  crater  on  high-pressure  face  of  window  with  t/D  =  0.500, 

Figure  B4.  Effect  of  1,000-hour  sustained  loading  under  10,000-psi 
pressure  on  120-degrce  conical  acrylic  plastic  windows. 
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(a)  Windows  with  t/D  ratios  of  0,500. 0.625, 0.750, 0.875, 1 .000.  and  1 .250. 


lb)  Cold-flow  crater  on  high-pressure  face  of  window  with  t/0  =  0.500. 

Figure  B-5.  Effect  of  1,000-hour  sustained  loading  under  10,000-psi 
pressure  on  150-degree  conical  acrylic  plastic  windows. 


Appendix  C 


DISPLACEMENTS  OF  CONICAL  ACRYLIC  WINDOWS  UNDER 
SUSTAINED  HYDROSTATIC  LOADING  AT  10,000  PSI 


Each  of  the  conical  acrylic  windows  subjected  to  sustained  10,000- 
psi  hydrostatic  loading  experienced  axial  displacement  through  the  flange 
opening.  There  were  three  distinct  phases  in  the  axial  displacement  of  each 
window.  The  first  phase  took  place  when  the  pressure  was  raised  at  a  650- 
psi/min  rate  from  0  to  10,000  psi.  The  second  phase  was  relatively  rapid 
axial  displacement  of  the  window  through  the  flange  immediately  after 
the  10,000-psi  sustained  pressure  loading  was  reached.  The  second  phase 
lasted  for  approximately  1 2  to  24  hours.  The  third  phase  of  axial  displace¬ 
ment  was  the  relatively  slow  axial  displacement  of  the  window  during  the 
remaining  duration  of  sustained  pressure  loading  at  10,000  psi.  To 
emphasize  and  delineate  the  three  distinct  phases  of  axial  displacement, 
two  different  scales  were  used  for  plotting  the  displacements.  Log-log 
scales  with  0.001-inch  displacement  and  1-minute  time  units  were  selected 
to  show  the  rapid  rate  of  displacement  of  the  windows  during  phases  1  and 
2.  Linear  scales  with  0.01 -inch  displacement  and  1-day  time  units  v/ere 
chosen  to  show  the  slow  rate  of  displacement  during  phase  3,  To  permit 
rapid  visual  comparison  of  the  two  different  displacement  phases,  they  are 
grouped  together  in  Figures  C-1  through  C-6  for  each  different  window 
configuration. 

When  one  observes  the  graphs  depicting  phases  1 , 2,  and  3  one 
immediately  notes  that  the  relationship  between  time  and  magnitude  of 
axial  displacement  is  not  shown  graphically  by  a  narrow  line  but  by  a  wide 
band  whose  width,  and  shape  varies  from  one  figure  to  another.  There  are 
several  reasons  for  this. 

1 .  Each  curve  represents  the  range  of  displacements  shown  by  a  group  of 
five  window'  specimens  which  were  not  of  identical  dimensions,  but  varied 
by  the  magnitude  of  dimensional  machining  tolerances. 

2.  All  of  the  five  windows  comprising  a  single  t/D  ratio  group  for  a  given 
angle  were  not  tested  in  the  same  flange,  but  in  several  flanges  that  differed 
from  each  other  by  the  magnitude  of  dimensional  machining  tolerances  and 
slight  differences  in  machining  finish. 

3.  Ail  five  windows  in  a  group  were  not  tested  at  an  identical  temperature. 
The  average  temperature  varied  several  degrees  from  one  long-term  test  to 
another. 
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4.  All  of  the  five  windows  were  not  machined  from  the  same  piece  of 
material,  or  for  that  matter  at  the  same  material  removal  rate. 

There  are  several  general  observations  that  can  be  made  about 
the  scatter  of  recorded  displacement  data.  First,  the  width  of  the  plotted 
displacement  range  appears  to  be  in  a  large  measure  a  function  of  absolute 
displacement  magnitude;  (that  is,  at  small  displacements  the  range  is  narrow, 
while  for  large  displacements  the  range  is  large).  Second,  displacements  of 
windows  that  are  accompanied  by  extensive  cracking  and  fracturing  of  the 
acrylic  material  (t/D  =  0.500  for  60, 90. 120,  and  150  degrees)  vary  more 
from  one  specimen  in  the  same  group  to  another  than  the  displacements  of 
windows  not  accompanied  by  extensive  cracking,  this  phenomenon  in  all 
probability  is  caused  by  the  randomness  of  crack  initiation  and  propagation, 
as  compared  to  the  nonrandomness  of  typical  stress— strain  behavior  of  mate¬ 
rial  before  cracking. 

Since  in  some  of  the  t/D  ratio  groups  all  of  the  windows  failed  prior 
to  the  termination  of  the  1 ,000-hour  tests,  no  graphs  exist  depicting  phase  3 
of  window  displacement.  In  other  groups  of  windows  only  some  of  the  win¬ 
dows  failed  prior  to  1 ,000  hours  at  sustained  10,000-psi  pressure  loading. 

For  those  groups  of  windows,  only  the  lower  boundary  of  the  phase  3 
displacement  range  has  been  shown  since  the  upper  boundary  is  undefined. 
(See,  for  example,  30-degree  windows  with  t/D  =  0.625.) 

When  the  data  contained  in  Figures  C-1  through  C-6  are  used  for 
design  of  operational  windows,  the  upper  boundary  of  displacement  ranges 
should  be  utilized.  It  represents  a  conservative  approach  to  sizing  of  window 
flange  cavities  for  containment  of  windows  during  their  displacement  under 
sustained  hydrostatic  pressure  of  7,500  to  10,000  psi.  For  design  of  windows 
that  will  be  used  at  a  sustained  pressure  in  5,000-to-7,500-psi  range  the  lower 
boundary  of  the  displacement  range  should  be  utilized  as  otherwise  the  design 
of  flange  cavity  becomes  too  conservative. 


MllVfil 

•t  mrf 


Mt  fiMlIlM  • 

Iff  1JMM. 

Mftfll 


^  :==^  -  - 

*Ui|ltyjltiQliMia^r=ia|^^i|j»iM4iiiii^«mm>g^^--  = 


|i ' '  "■'  ■ '  1'  ’.^ik^-isiiiiiijSggj;;;; 


_ ■■IIIIIHiaiBIIIIUI 

■■■iiiiiiMaaiiiiiii 


■tiiiii 

_ -- _ ■llUIll 

■lll^ll■■llIllll■■llHill| 


■niiiniiiiiiiniiiiii 


■■UP  MimillMI 

l■lr^^al■i■■lllllll 


W''///mm\w* 

l^^aiiiiiiiHBiiiiiiii 


under 

included 


|v/jiHaaBiiii^S*SS5!S4 

nSnllllmniii 

niiiiii 


Figure  C-1e.  DMteernentof 
lO.OOOiwi  susui 
angle  with  t/D  n 


R 


usiiM 


M  U 
tIM  ttaiil 


■immd 

nil 


(«iin) 


•aI  Krylic 
Pressure  lof 
1.250. 


Fi9tfi«C-1e.  DMKwnwt  of  conipeMylicpiMtic  windows  under 

lO.OOOiw  sustainod  prt^re  loading;  SOdegrae  included 
angle  with  t/D  ratio  »  ,,250. 


Km  W 


F)gunC-2t.  OiviaesnMnt  of  oonicfiacnriicpteitic  window*  undtr 

lO.OOOiMi  HNtiinod  pwwuw  loading;  60-d*grN  includtd 
•ngi*  with  t/D  ntio  •  0.491. 


Figure  C-2b.  Oispiteementof  ooniceleerylicpierticwiw 
lO.OOO'Pii  eusuiiMd  preaure  loading;  6(M 
angle  with  t/D  ratio  •  0.612. 


pi 


Mfigi  mmmt 
mmt  tun 


-  'r=h; '-; :  :!S; 


|-:;"’;:“'-:;rf= .  ■  • 


-- 


•  r^i  ?'r  ?f  i?f  t~  =~=i  =5-  ♦?  - 

i4iUimisyu5;5j«i^ 


: 


|u:rrifgT\^i5ii-|ili=5illlili 

I  «  «  «  ■  «  i  •  I  <  «M  ■■  ■  ma  •  ttt 

lOTBSiaitllMMlBillllfltMiHaVlIIII 


>••••■ 

laMtl 

l■IIIIll 

■■null 


.jiiiiiimMiiiin _ 

l■lllllll■i■lllllm■■lUlll 


5==5f::2 - - - 

■■i■at•lrt■^^  ^-'''  "'  ' ' ' 

liiiiii''^aaiiiiiiMHaiiini| 

l■■llllil■■■llil!!l 


'  ^iiiiiiiimiiiiiiia[!!!ii!!!l 


liM  (mM 


Figure  C-2b.  DiailecfnMnt  of  conkel  acrylic  plwtic  windows  under 

lO.OOOiMi  wstiined  prawure  loading;  60<lagroe  included 
engla  witti  t/D  ratio  >  0.61 2. 


i  ' 


|ir:zjS!iifcj^i5iiillllsi[{}| 

" — i■i■illlll■■■■llllil■i«l||| 

l■lllIlll■i■■llllll■^■lll 

„!liuiiiiiniiiiiinii 


l■■lilllll 


=::■!! 


weai^^Mf  ee wseiM* *e»— eag^, 

|i^  •^■■■■aiea^»— — weaei— ■ajl 

mmm  .  //iMaami— f  •■itii— —gii 

Ir/^aWiiiin— ■liiiUMUm 

I^JBiiiiiiiHaiiiiiiiBrai 

~llllllllBlllilllHII 


Him  (fflhu 


Figure  C-2c.  Displacemant  of  conical  acrylic  plast 
lO.OOOiwi  sustained  presMJre  loadini 
angle  with  t/D  ratio  ■  0.731. 


19 


I  «nt«nid  prHun  loadint;  8a<to|rM  inchiM 
t/D  ratio  >  0.612. 


Fl»ir*&3e.  Diipl— want  of  cookal  aetyllc  plwtic  windowt  uttdtf 

tO.OOOpri  MMtinad  prwiw  looding;  OlHogrM  liKludad 
•n|^  wllti  t/D  ratio  -  0.731 . 


Continuad 


*t  IJtCA. 
•(  MM  ML 


s  • 

liHin:::--:-; 

n::;H  •=-. 

_ 

■■lllll■■■■■lllll| 


■■■Hill 

llllllllM»inilHHIIIIIIi 


iMIlllilll 


Hum  (mM) 

Fi9ur«C-2d.  OMtcoTMnt  of  oonletiKfylicpIiitic  window  und*r 
10,00(HNi  wiuintd  prMurt  loiding;  eOdogrt*  includid 
«ngl«  with  t/D  ratio  ■  0.87S. 


_ iiiiiirjiiiuiiin 

■Il’lllllUill 


iiiii.iiggg 


Dim  (mki) 

Fi9uraC-2e.  Diiplic«n«it  of  coniral  Ktylic  plai 

10,000-pii  »imain«(l  pr«*“f* 

•ngit  with  t/0  ratio  •  0.980. 


Jig.  . 


l■■HC3MJ■■ii 


«Mtli«S  Millflf 
fNHWJ 


sililfl 


— 35^bii|a 


eT55^**« *?S3  ?r?=~ 


|aiB®Bts?l^*» _ ..^ _ 

. .  irrtJri^trtrisairr:;— ss; 

jiiiffn^hwaii 


3*1  r :  5^  i  5  ;  ; : 

lsitl|finHll^l5fifllljHfji|gtjiliaWUn!i 


i!0;;m!alliiHli[1l!H|H||l||iili|l!lflf 


ifHiiiiiii!ifiifi?mf| 


I  ?-■■•»'  rr  n====iii"====-;;;;i 

w— ni 

lmMtiiiiiiHaMii«ititiMH9i««|iiir| 
|f■i|lI|ll■■■■llllu■■l■■■illIl| 


li!l!i>!:JMBIililM|!!  Illll 


IS?y  V  •• 
'//AMU 

\mii 

lllll 


/  ’  • 

-/  ’*•«•«}■■ 

- »$»m 

ulSSSSnuMMiiiiiil 

■iiiiiiiniiiiiii 


iI»I  fl  if — 


■flBtllll 

■■iiinii 


CSa^aainiMi 

■auiBiiiiiV'' 

umnwy/M 


WRlfiil!!! 

^'////  ■/ 

I/////  iiBaiitiifl 

i////jmmuwm 
l^■liilllJl 


—  i—*****' 

«iMinit«liHIMniIl| 

■■llllll■i■l!lilll 


SSSSSSaiiSSSSSSSSiUi 

■  ■■HaBiiiiMBMmMaiiiil 
■■■iiitl 

IVBIIIIIiaMBBIIIIIil 

l■■Illl«■i■■■llllll 


lllll■■IIUIII 


10  100  VwO 

Timt  (irin) 

cement  ef  eonietl  icrylic  plMtic  window*  under 
O-psi  susteined  pretwre  loeding;  6G-degre*  Included 
with  t/D  f»tk> "  0.980. 


Thiw  (mbi) 


Figure  C-2f.  Diiiriicenient  of  conic*l  icrylic  plestic  window*  under 

lO.OOOiMi  aunained  preaiun  loeding;  GOdegree  included 
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Figure  C-3b.  Displacement  of  conical  acrylic  plastic  windows  under 

lO.OOO-psi  sustained  pressure  loading;  9(>degree  included 
angle  with  t/0  ratio  "  0.816. 

Figure  C-3c.  Displacement  of  conical  acrylic  plasti 
10,000-psi  sustained  pressure  loading 
angle  with  t/D  ratio  ■>  0.721. 
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Figure  C-3c.  Displacement  of  conical  acrylic  plastic  windows  under 
lO.OOO-psi  sustained  pressure  loading;  90-degree  included 
angle  with  t/0  ratio  »  0.721. 
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10,000-psi  sustained  pressure  loading;  9<kjegree  included  10,000-psi  sustained  pressure  loading;  ^ 

angle  with  t/D  ratio  ■  0.876.  angle  with  t/D  ratio  •  0.987. 
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Figure  C-3f.  Displacement  of  conical  acrylic  plastic  windows  under 

10,000-psi  sustained  pressure  loading;  90-degrce  included 
angle  with  t/D  ratio  "  1.249. 
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Figure  C-4c.  Displacement  of  conical  acrylic 
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Figure  C4c.  Ditplacemmt  of  conical  acrylic  plastic  windows  u^r 

lO.OOO-psi  sustained  pressure  loading;  120-degree  included 
angle  with  t/D  ratio  •  0.733. 
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Figure  C-5b.  Displacement  of  conical  acrylic  plastic  windi 
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angle  with  t/D  ratio  ”  0.600. 
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Figure  C-5c.  Displacement  of  conical  acrylic  plastic  windows  under 

lO.OOOpsi  sustained  presnrre  loading;  150-dagree  included 
angle  with  VD  ratio  “  0.727. 
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ABSTRACT 

Conical  acrylic  windows  with  five  included  angles  (a)  from  30  to 
150  degrees  and  thickness-to-minor-diameter  (t/D)  ratios  from  0.375  to 
1 .00  have  been  subjected  to  5,000  psi  of  sustained  hydrostatic  loading  for 
up  to  1 ,000  hours  in  the  temperature  range  from  65°F  to  75°F  while  the 
axial  displacement  of  the  windows  through  the  flange  has  been  monitored. 
The  magnitude  of  axial  displacement  was  found  to  be  a  function  of  a,  t/D 
ratio,  temperature,  and  duration  of  loading.  Only  windows  with  t/D  ratios 
>1 .000, 0.625, 0.500,  and  0.500  for  30-,  60-,  90-,  120-,  and  150-degree 
conical  angles,  respectively,  were  found  to  be  free  of  cracks.  Minimum 
axial  displacements  of  the  windows  can  be  achieved  only  with  t/D  ratios 
of  >1 .000, 1 .000, 0.750, 0.750,  and  0.625  for  30-,  60-,  90-,  1 20-,  and 
150-degree  conical  angles,  respectively.  The  minimum  axial  displacements 
of  D  =  1 .000-inch  windows  with  these  t/D  ratios  and  conical  angles  are 
0.042, 0.023, 0.023, 0.019,  and  0.019  inch,  respectively.  It  is  recommended 
that  only  windows  with  t/D  ratios  >0.625  and  a  >60  degrees  be  used  for 
sustained  hydrostatic  loading  of  5,000  psi  at  temperatures  <80°F. 
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INTRODUCTION 


-Previous  studies’"^  conducted  at  the  Naval  Civil  Engineering 
Laboratory  (NCEL)  have  shown  that  although  the  spherical  shell.sector 
windows  represent  the  most  efficient  structural  shape  for  acrylic  windows, 
the  conical  frustum  windows  are  also  fairly  efficient,  particularly  if  the 
included  conical  angle  is  very  large.  Because  widespread  use  of  conical 
windows  has  made  them  a  somewhat  standard  shape,  they  were  chosen 
first  for  further  investigation  in  preference  to  spherical  shell  windows. 

Because  the  viscoelastic  nature  of  acrylic  makes  the  duration  of 
sustained  hydrostatic  loading  a  crucial  operational  factor,  it  was  chosen  as 
the  first  of  the  candidate  materials  to  be  studied  in  greater  detail.  In  view  of 
the  multitude  of  variables  involved,  it  was  decided  to  investigate  the  effect  of 
long-term  loading  on  conical  acrylic  windows  in  three  distinct  phases.  The 
first  phase  in  the  long-term  loading  program  was  to  focus  on  the  behavior  of 
conical  windows  under  long-term  20,000-psi<hydrostatic  loading,  while  the 
succeeding  two  phases  addressed  themselves/to  10,000-psi  and  5,000-psi 
hydrostatic  loadings,  the  first  two  phases  of  the  research  program  have 
been  already  completed.^'® 

The  test  results  from  the  previous  two  studies  have  shown  that 
although  the  viscoelastic  nature  of  acrylic  makes  time-dependent  axial  dis¬ 
placement  of  acrylic  windows  under  long-term  loading  inevitable,  the  windows 
are  operationally  safe  for  hydrostatic  pressures  up  to  20,000  psi  providing 
proper  thickness-to-minor-diameter  (t/D)  ratios  and  included  conical  angles 
(a)  are  chosen.  Furthermore,  it  was  shown  that  the  axial  displacement  of 
the  window  through  the  flange  is  a  function  of  pressure,  temperature,  t/D 
ratio,  conical  angle  a,  and  duration  of  sustained  loading.  Since  the  interrela¬ 
tionship  between  the  many  variables  is  very  complex  and  the  analytical  tools 
for  analyzing  them  were  not  available  at  that  time  without  a  lengthy  and 
expensive  development  program,  an  empirical  approach  was  chosen  for 
providing  the  engineer  with  the  necessary  data  (Appendix  A)  for  design  of 
windows  applicable  to  ocean  bottom  habitats  or  ocean  simulation  facilities 
(Figure  1).  Thus,  the  experimental  data  have  been  presented  (1)  in  graphical 
form  as  sets  of  curves  where  the  axial  displacement  of  the  windows  through 
the  flange  at  a  given  hydrostatic  pressure  is  plotted  versus  time,  t/D  ratio,  and 
included  angle  a,  (2)  in  pictorial  form  in  which  the  cracks  and  fractures  in  the 
windows  are  related  to  the  window  dimensions  and  length  of  loading.  Such 
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sets  of  curv^  and  photographs  are  already  available  for  the  20,000-psi  and 
10,0(X)-psi  long-term  pressure  loadings.  This  report  presents  the  results  of 
study  on  the  long-term  loading  of  acrylic  windo'/vs  at  5,000-psi  hydrostatic 
pressure. 

The  scope  of  the  Investigatioh  of  the  behavior  of  conical  acrylic 
windows  under  sustained  long-term  hydrostatic  loading  of  5,000  psi  was 
limited  to  model  windows  with  30-,  60-,  90-.  120-,  and  150-degree  included 
conical  angles  and  1.000, 0.750, 0.625, 0.500,  and  0.375  t/D  ratios  {Table  1). 
All  cf  the  tests  were  conducted  in  the  ambient  room  temperature  range  from 
65°  to  75°F,  and  the  duration  of  loading  was  either  500  or  1 ,000  hours.  The 
effect  of  temperature  was  not  investigated,  as  its  effect  on  the  axial  displace¬ 
ment  and  critical  pressures  of  conical  acrylic  windows  under  long-term  loading 
was  already  established  in  the  first  phase^  of  the  long-term  window  loading 
program.  The  effect. of  temperature  was  found  to  be  that  critical  pressure 
increased  and  axial  displacement  deaeased  as  the  temperature  decreased. 

The  effect  of  dimensional  scaling  on  the  axial  displacement  of  windows 
under  long-term  loading  was  also  not  investigated  as  it  was  established  in 
the  first^  and  second®  phases  of  the  long-term  window  loading  program 
that  for  windows  with  identical  t/D  and  a  the  displacements  vary  hnearly 
with  D. 


Figure  1.  Window  installed  in  end  closure  of  18-inch  (inside  diameter)  pressure 
vessel  for  observation  of  test  specimens. 
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Table  1.  Test  Pfah  forCooical  Acrylic  WifKkw«  Subjected  to  5,000  Psi 
of  Hydrostatic  Pressure  for  1 ,000  Hours 


{•  represents  a  group  of  five  test  spedfnens,  each  v/ith  a 
minor  diameter  of  1.0  inch.) 


- — - 

Thickness,  t 
|in.) 

Included  Angle  (deg) 

30 

60 

90 

120 

150 

3/8  10.375) 
m  (0.500) 

5/8  10.625) 

3/4  (0.750) 

1  (1.000) 

• 

• 

• 

• 

• 

• 

• 

• 

« 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

* 

• 

TEST  SPECIMENS 

The  test  specimens  (Figure  2)  were  machined  from  commercial 
Plexiglas  G  stock  (Table  2)  by  turning  in  a  horizontal  lathe.  Accepted 
machine  shop  practices  were  used  to  maintain  dimensional  tolerances  of 
±0.005  inch  on  the  specified  minor  diameter  of  1.000  inch  and  ±30  minutes 
on  the  included  conical  angle  for  all  the  test  specimens  (Figure  3).  Since  the 
thickness  of  commercially  available  acrylic  plate  stock  varied  from  the  nominal 
thickness  because  of  fabrication  tolerances,  the  actual  thickness  of  the  finished 
windows  also  deviated  from  the  nominal  thickness.  However,  since  all  of  the 
windows  for  a  given  t/D  ratio  and  conical  angle  were  machined  from  the  same 
acrylic  plate,  their  thicknesses  were  within  ±0.010  inch  of  each  other.  The 
finish  on  the  conical  surface  was  32  rms. 


TEST  SETUP 
Window  Flanges 

The  window  flanges  used  for  the  testing  were  the  same  that  were  used 
in  the  long-term  loadings  of  windows  to  20,000-psi  and  10,000-psi  pressure 
(Figures  4  and  5).  The  ±0.001-inch  tolerance  on  the  1 .000-inch  minor  diam¬ 
eter  and  the  ±  15-minute  tolerance  on  the  conical  angle  assured  close  fit  between 
the  windows  and  the  flange.  Because  the  minor  diameter  of  the  window  matched 


that  of  the  flange,  the  low*pre«ure  face  of  the  window  was  flush  with  the 
bottom  of  the  conical  cavity  in  the  flange.  This  type  of  window  seating  in 
the  flange  and  the.cylindrical  passage  in  the  flange  through  which  the  window 
had  to  displace  are  the  characteristics  of  the  DOL  1  window  mounting  arrange 
ment  used  in  the  prior  studies  on  long-term  loading  at  NCEL.  Because  the 
nx)unting  arrangement  was  the  same  for  all  the  long-term  loading  studies,  the 
resulting  data  can  be  compared  without  resorting  to  any  special  conversion 
factors. 


Figure  2.  Typical  conical  acrylic  windows  of  1-inch  minor  diameter  used  in 
NCEL  experimental  programs. 
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Table  2.  Properties  of  Acrylic  Window  Material 


Property 

Typical 

Test  Method 

Physical  Properties 

Hardness,  Rockwell  M 

90 

ASTM-D785-62 

Hardness,  Barcol  No. 

47 

ASTM-D2583 

Specific  gravity 

1.19  +  Q.01 
(2  tests  within  0.005) 

ASTM-D792-54T 

Refractive  index 

1.50  +  0.01 

ASTM-0542-50 

Luminous  transmittance 
|1/8-inch  material) 

91%  (min) 

ASTM-D 1003-61 

Haze  (1/8-inch  material) 

2.3  (max) 

ASTM-D1003-61 

Heat  distortion  temperature 
+3.6°F/min  at  264  psi 
■t3.6°F/min  at  66  psi 

200°F 

2200F 

ASTM-D648-56 

Thermal  expansion/°F  at  20°F 

35x10-® 

Federal  Standard  406 
Method  2031 

Water  absorption  (1/8-inch  material) 

(a)  25  hours  at  73°F 

(b)  to  saturation 

0.3%  (max) 

1.9%  (max) 

AST.'/)-D570-63T 

Mechanical  Properties 

Tensile  strength,  rupture 
(0.2  in./min) 

9,000  psi  (min) 

ASTM-0638-64T 

Tensile  elongation,  rupture 

2%  (min)  to  7%  (max) 

ASTM-D638-64T 

Modulus  of  elasticity,  tension 

400,000  psi  (min) 

ASTM-D638-64T 

Compressive  strength, 

(0.2  in,/min) 

15,000  psi  (min) 

ASTM-D695-63T 

Flexural  strength,  rupture 

14,000  psi  (min) 

ASTM-D790-63 

Shear  strength,  rupture 

8,000  psi  (min) 

ASTM-D732-46 

Impact  strength,  Izod 
(per  inch  of  notch) 

0.4  ft-lb  (min) 

ASTM-D256-56 

Compressive  deformation  under  load 
(4,000  psi  at  122°F  for  24  hours) 

2%  (max) 

ASTM-D621-64 
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Material:  Plexiglas  G 

Nomenclature 

D  =  minor  diameter  iin,) 
t  =  thickness  (in.) 

CX  “  included  conical  angle  (deg) 


Dimensions 


D  =  1.0  in.:  tolerance  “±0.005  in. 
t  =  nominai  0.375,  0.500,  0.625,  0.750, 1.000  in. 

(manufacturer's  plate  thickness  tolerances  apply) 
a  “  30, 60,  90, 120,  or  150  deg;  tolerance  =  ±15  min 


Figure  3.  Dimensions  of  typical  conical  windov/  specimens. 


Material:  1015  steel 


Nomenclature 


M  =  external  flange  diameter  (in.) 
k  “  overall  window  flange  thickness  (in.) 
a  “  included  conical  angle  (deg) 


Dimensions 

a  “  30, 60, 90, 120  and  150  deg:  tolerance  “  ±  5  min 
M  “  8  ±  1/64  in.  for  30-,  60-,  90-,  and  120<ieg  windows 
17  ±  1/64  in.  for  15(kfeg  windows 


3  ±  1/64  in 


Figure  4.  Dimensions  of  typical  window  mounting  flanges  for  Mnch-diameter 
conical  windows. 


Figure  5.  Typical  flanges  for  1 -inch-diameter  conical  window. 


Pressure  Vessels 


The  vessels  used  for  the  testing  of  windows  were  16-inch  naval  gun 
shells  converted  by  NCEL  to  serve  as  internal  pressure  vessels.  The  window 
test  flanges  were  attached  to  the  vessel  end  closures  by  special  adapters  that 
permitted  the  cylindrical  passage  in  the  window  mounting  flange  to  line  up 
with  the  opening  in  the  end  closure.  With  the  help  of  this  arrangement,  it 
was  possible  to  maintain  atmospheric  pressure  on  the  low-pressure  face  of 
the  windows  and  also  to  allow  the  fragments  of  the  window  to  be  ejected 
from  the  vessel  if  the  window  failed  during  the  long-term  test  (Figure  6). 


pressure-vKul 


window  mounting  flange 


Figure  6.  Typical  window/flange  assembly  used  in  testing  1-inch-diameter 
conical  windows  in  converted  16-inch  naval  gun  shells. 
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The  vessels  were  equipped  with  an  electrically  heated  jacket  to 
maintain  the  temperature  of  the  water  above  65° F  even  if  the  ambient 
temperature  in  the  vicinity  of  the  vessels  dropped  to  40°F  during  the  win¬ 
ter  months.  No  provisions  existed  for  preventing  the  temperature  from  rising 
above  709F  when  the  ambient  air  temperature  increased  during  hot  spells  in 
the  summer  months. 

Instrumentation 

The  instrumentation  for  the  long-term  testing  of  windows  consisted 
of  a  Bourdon-type  pressure  gage,  a  mechanical-type  dial  indicator  (Figure  7), 
and  a  remote-reading  thermometer.  The  pressure  gage  could  be  read  within 
50-psi  intervals,  the  dial  indicator  within  0.001  inch,  and  the  thermometer 
within  1°F.  All  of  the  instruments  were  calibrated  prior  to  each  test  on  an 
individual  window. 


TEST  PROCEDURE 
Placement  of  Windows 

Prior  to  placement  into  the  flange,  the  windows  were  accurately 
measured  and  subsequently  liberally  coated  with  silicone  grease.  To  insure 
good  sealing,  the  windows  were  forced  into  the  flange  cavity  with  20  to  30 
pounds  of  force  and  rotated  several  times  in  place.  The  placement  and  locking 
of  the  end  closure,  with  flange  attached,  to  the  vessel  completed  the  prepara¬ 
tion  of  the  vessel  for  the  test.  Now  the  vessel  was  ready  for  insertion  of  the 
dial  indicator  rod  into  the  cylindrical  passage  between  the  low-pressure  face 
of  the  window  and  the  exterior  of  the  vessel.  The  position  of  the  dial  indi¬ 
cator  on  the  pressure  vessel  end  closure  was  adjusted  until  the  tip  of  the  dial 
indicator  rod  touched  the  center  of  the  window's  low-pressure  face. 

The  presence  of  a  thick  layer  of  silicone  grease  trapped  between  the 
bearing  surface  of  the  window  and  the  flange  caused  erroneous  displacement 
reading  when  the  grease  squeezed  out  during  initial  hydrostatic  loading. 

This  problem  was  solved  by  preloading  the  window  with  1 ,000-psi  hydro¬ 
static  pressure  for  1  hour,  depressurizing  it  to  zero,  and  readjusting  the  dial 
indicator  to  read  zero  displacement.  This  procedure  effectively  removed  the 
excess  grease  from  the  window  in  each  test  and  insured  that  axial  window 
displacement  readings  taken  during  the  long-term  loading  reflected  only  the 
displacement  of  the  windows  and  not  the  squeezing  out  of  grease. 
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Pressure  Loading 


The  pressurization  of  windows  from  0  psi  to  the  5,000-psi  level 
proceeded  at  a  rate  of  650  psi/min.  Tap  water,  which  was  used  as  the 
pressurization  medium,  was  pumped  into  the  vessels  by  means  of  a  positive 
displacement,  air-operated  pump.  Window  displacement  readings  were  taken 
at  every  1 ,000-psi  pressure  interval.  When  the  pressure  inside  the  vessel  reached 
5,000  psi,  the  vessel  was  isolated  from  the  pressurization  system. 

The  long-term  sustained  pressure  loading  of  5,000  psi  was  maintained 
inside  the  vessel  by  means  of  daily  pressure  checks.  If  the  pressure  inside  the 
vessel  was  found  to  deviate  in  excess  of  ±100  psi  from  the  specified  5,000  psi, 
the  shutoff  valve  at  the  vessel  was  opened,  and  the  pressure  inside  the  vessel 
was  raised  by  pumping  in  additional  water,  or  lowered  by  bleeding  some  water. 
The  adjusting  of  pressure,  which  took  place  infrequently,  was  required  only 
when  either  excessive  window  displacement  or  variation  in  ambient  atmospheric 
temperature  occurred.  Readings  of  window  displacements  were  taken  three 
times  daily  during  the  duration  of  sustained  long-term  loading. 

Depressurization  of  v/mdows  after  the  specified  time  period  was 
accomplished  by  bleeding  the  water  from  the  vessel  interior  through  a  par¬ 
tially  open  valve.  Depressurization  v,/as  conducted  at  a  rate  of  650  psi/min, 
the  same  rate  as  the  pressurization.  Axial  displacement  readings  were  talcen 
every  1,000  psi  as  the  pressure  was  lowered  from  5,000  psi  to  the  0-psi  level. 


TEST  RESULTS 

Data  generated  by  the  long-term  tests  at  5,000  psi  are  presented 
below  graphically,  pictorially,  and  descriptively  to  answer  the  varying  needs 
of  different  users. 

Graphical  Data 

The  axial  displacement  of  the  windows  through  the  window  flange 
are  in  graphical  form,  since  graphical  presentation  has  been  found  to  be  the 
most  efficient  way  of  summarizing  the  experimental  data  generated  by  the 
study.  Because  these  data  are  of  interest  not  only  to  window  designers,  but 
also  to  research  engineers  studying  the  relationship  between  the  many  struc¬ 
tural,  physical,  and  mechanical  parameters  determining  the  performance  of 
hydrospace  windows,  the  same  data  have  been  presented  graphically  in  two 
different  ways. 
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One  set  of  graphs  presented  for  the  benefit  of  researchers  is  the 
summary  of  all  experimental  parameters  that  determined  the  axial  displace¬ 
ment  of  windows  in  this  study  (  Figures  8  and  9).  Since  the  objective  of  these 
graphs  is  to  show  the  interrelationships  between  the  many  experimental  param¬ 
eters,  only  average  displacement  values  were  plotted,  as  otherwise  the  graphs 
would  become  too  cluttered,  and  the  message  they  carry  would  become  lost, 

A  different  set  of  graphs  is  presented  for  the  use  of  the  designer  who 
is  not  so  much  interested  in  the  relationship  between  the  experimental  variables 
as  in  the  reproducibility  and  reliability  of  displacement  measurements  for  win¬ 
dows  of  a  given  set  of  dimensions.  For  this  reason,  the  displacement  data  have 
been  also  shown  (Appendix  A)  in  a  series  of  graphs  depicting  the  ranges  of 
axial  displacements  for  each  group  of  five  windows  of  a  given  t/D  and  a. 

After  noting  the  range  of  displacements  for  a  given  t/D  ratio  and  a,  the 
designer  will  be  in  a  better  position  to  predict  what  magnitude  of  axial 
displacement  the  window  that  he  has  selected  for  particular  application 
may  experience  during  sustained  hydrostatic  loading. 

Pictorial  Data 

The  permanent  deformation  of  windows  and  magnitude  of  cracks  are 
presented  in  pictorial  form,  as  there  are  no  quantitative  means  of  recording 
the  permanent  effects  of  sustained  loading  upon  conical  acrylic  windows 
(Figures  10  through  13).  Since  the  permanent  effect  of  sustained  loading 
on  windows  is  visually  best  observed  on  the  high-pressure  face,  low-pressure 
face,  and  conical  bearing  surface  of  the  window,  the  photographs  focused  upon 
these  areas.  Thus  one  set  of  photographs  shows  the  plastic  deformations  and 
cracks  on  the  low-pressure  faces  and  conical  bearing  surfaces  of  windows,  while 
the  other  set  shows  the  permanent  deformations  in  high-pressure  faces.  To 
bring  out  the  permanent  deformations  of  high-pressure  faces,  a  grid  pattern 
has  been  optically  superimposed  on  them.  At  locations  where  the  surface  of 
the  window  is  not  perfectly  flat,  distortions  of  the  square  grid  become  visible, 
the  severity  of  distortion  being  directly  related  to  the  magnitude  of  deformation. 

Descriptive  Data 

The  condition  of  windows  after  long-term  loading  is  described  in 
words,  because  the  evaluation  of  condition  is  a  matter  of  judgment  that  takes 
into  account  everything  observable  or  measurable  on  the  window.  Basically, 
the  assessment  of  the  condition  of  a  window  depends  on  whether  a  window 


11 


of  given  t/D  ratio  and  included  angle  has  withstood  the  lo”ng-term  loadings 
sufficiently  well  to  recommend  it  for  operational  service  under  similar 
loading  conditions. 


TEST  OBSERVATIONS 
Window  Deformation 

The  conical  acrylic  windows  deformed  both  viscoelastically  and 
viscoplastically  under  sustained  hydrostatic  pressure.  The  magnitude  of 
viscoplastic  deformation  varied  directly  with  the  duration  of  loading  and 
temperature,  while  it  varied  inversely  with  the  t/D  ratio  and  included  conical 
angle.  The  window  deformation  included  (1)  a  cold-flow  crater  on  its  high- 
pressure  face,  (2)  a  cylindrical  extrusion  plug  at  the  minor  diameter  of  the 
body,  and  (3)  an  outward  curvature  on  the  low-pressure  face  {Figures  10 
and  11).  The  depth  of  the  cold-flow  crater  and  length  of  extrusion  plug 
were  found  to  be  inversely  related  to  the  conical  angle  and  t/D  ratio,  and 
directly  related  to  duration  of  loading  and  temperature. 

The  deformation  of  the  windows  was  in  many  cases  accompanied 
by  crazing  and  cracking  of  the  window  surfaces.  The  severity  of  cracking  was 
generally  directly  related  to  the  magnitude  of  deformation  or  displacement. 
The  crazing  (or  in  more  severe  cases,  cracks)  appeared  first  on  the  conical 
bearing  surface  of  the  window  for  30-  and  60-degree  conical  angles  only 
(Figure  12),  For  a  >  90  degrees,  the  cracks  appeared  first  on  the  low- 
pressure  face  of  the  window  (Figure  13). 

The  circumferential  cracks  at  right  angle  to  the  bearing  surface 
(Figure  1 2)  were  indicative  of  shear  stresses  associated  with  large-scale  dis¬ 
placement  of  the  window.  As  the  t/D  ratio  of  30-  and  60-degree  windows 
was  increased,  the  number  and  severity  of  these  cracks  decreased  until  at 
t/p  =  0.625  for  a  =  60  degrees  and  t/D  =  1 .000  for  a  =  30  degrees,  they 
disappeared  completely. 

The  star-shaped  crack  on  the  low-pressure  face  of  windows  (Figure 
13)  was  indicative  of  severe  flexure  stress  at  the  center  of  the  low-pressure 
face  for  windows  with  a  >  90  degrees  and  t/D  <  0.375.  As  the  t/D  ratio  of 
windows  with  a>9Q  degrees  was  increased,  the  depth  of  the  star-shaped 
crack  decreased  until  for  windows  with  t/D  >  0.500,  it  disappeared  altogether. 
The  shear-type  cracks  were  not  observed  on  windows  with  a>  90  degrees, 
even  at  t/D  =  0.375  ratio. 
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Figure  10.  Effect  of  S.OOO-psi  sustained  loading  on  conical  acrylic  windows 
with  t/D  ratio  =  0.375  and  60*,  90-,  1^,  and  150-degree  included 
angles.  Note  star-shaped  cracks  in  the  centers  of  low-pressure  faces 
of  90-,  120-,  and  150-degree  windows.. 


Figure  11.  High-pressure  faces  of  windows  shown  in  Figure  10.  Note  cold-flow 
cratering.  Grid  on  the  window  faces  is  a  mirror  reflection  of  a  grid 
with  uniform  squares. 


Window  Displacement 

All  windows  experienced  axial  displacement  through  the  flange 
opening.  Since  the  axial  displacement  at  any  time  is  the  sum  of  elastic, 
viscoelastic,  and  viscoplastic  deformations,  it  is  not  known  how  much  of 
the  axial  displacement  (Table  3)  at  any  tinie  was  due  to  elastic  deformation 
and  how  much  due  to  plastic  deformation.  The  magnitude  of  axial  displace¬ 
ment  was  directly  related  to  duration  of  loading  and  inversely  related  to  t/D 
ratio  and  conical  angle  (Figures  8  and  9).  It  is  known  from  previous  test  pro¬ 
grams  that  the  magnitude  of  axial  displacement  is  also  directly  related  to  (1) 
ambient  temperature,  (2)  the  hydrostatic  pressure  level,  and  (3)  diameter  of 
the  window  D. 

Although  the  magnitude  of  axial  displacement  under  5,000-psi 
sustained  loading  decreased  as  the  t/D  ratio  of  the  windows  was  increased, 
a  minimum  was  reached  beyond  which  no  further  significant  decrease  in 
displacement  was  achieved  by  further  increases  in  t/D  ratios.  The  t/D  ratios 
at  which  the  displacements  remained  relatively  constant  under  5,000-psi 
sustained  loading  varied  with  the  conical  angle.  These  t/D  ratios  were 
>1 .000, 1 .000, 0.750, 0.750,  and  0.625  for  30-,  60-,  90-,  1 20-,  and 
150-degree  conical  angles,  respectively. 
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Figure  13.  Flexure-type  star-shaped  crack  found  in  center  of  low-pressure  face 
on  90-degree  conical  window  with  t/D  ratio  =  0.375  after  sustained 
loading  at  5,000  psi  for  1,000  hours. 


Table  3.  Average  Displacement  of  Conical  Acrylic  Windows  Measured 
After  1-,  10-.  100-,500-,and  1.000-Hour  intervals  During 
Sustained  Loading  at  5,000  Psi 


1 - 

Thickness- 

to-Minor- 

Diameter 

Ratio, 

t/D 

Included 

Conical 

Angle, 

a 

(deg) 

Average  Displacement  (in.) 

After — 

1 

Hour 

10 

Hours 

100 

Hours 

500 

Hours 

1,000 

Hours 

30 

0.345 

60 

0.036 

0.042 

0.048 

0.062 

0.072 

0.375 

90 

0.028 

0.032 

0.040 

0.044 

0.047 

120 

0.026 

0.029 

0.034 

0.039 

0.041 

150 

0.026 

0.029 

0.036 

0.041 

0.044 

30 

0.074 

0.086 

0.100 

0.106 

0.1 12 

60 

0.025 

0.028 

0.030 

0.031 

0.032 

0.500 

90 

0.024 

0.025 

0.027 

0.028 

0.030 

120 

0.020 

0.021 

0.024 

0.025 

0.028 

150 

0.023 

0.024 

0.026 

.  0.027 

0.028 

30 

0.054 

0.056 

0.058 

0.058 

U.059 

60 

0.024 

0,025 

0.027 

0.028 

0.029 

0.625 

90 

0.023 

0.024 

0.026 

0.027 

0.028 

120 

0.021 

0.021 

0.023 

0.024 

0.025 

150 

0.015 

0.016 

0.017 

0.018 

0.019 

30 

0.042 

0.046 

0.048 

0.049 

0.050 

60 

0.022 

0.023 

0.023 

0.024 

0.025 

0.750 

90 

0.020 

0.021 

0.022 

0.023 

0.023 

120 

0.016 

0.016 

0.018 

0.018 

0.019 

150 

0.017 

0.018 

0.019 

0.020 

0.021 

30 

0.040 

0.040 

0.041 

0.041 

0.042 

60 

0.020 

0.021 

0.021 

0.022 

0.023 

1.000 

90 

0.023 

0.023 

0.024 

0.024 

0.024 

120 

0.014 

0.015 

0.016 

0.017 

0.017 

150 

0.018 

0.019 

0.020 

0.021 

0.022 
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FINDINGS 


1.  Ths  axial  dispi-'cement  of  the  conical  acrylic  window  through  the  flange 
opening,  the  riefop  wtion  of  the  high-  and  low-pressure  faces,  and  the  severity 
of  surface  cracks  jre  direct  functions  of  time  under  sustained  5,000»psi  hydro¬ 
static  loading  and  inverse  functions  of  t/D  ratio  and  included  conical  angle. 

2.  Cracking  was  observed  only  on  the  conical  bearing  surface  of  windows 
with  a  <  60  degrees,  while  star-shaped  cracks  in  the  center  of  the  window's 
low-pressure  face  v;ere  seen  only  on  windows  with  a  >  90  degrees. 

3.  No  cracks  were  observed  after  a  single  sustained  loading  of  1 ,000  hours 
at  5,000  psi  in  windows  with  adequately  large  t/D  ratios.  These  ratios  were 
>1 .000, 0.625, 0.500, 0.500,  and  0.500  for  30-,  60-,  90-,  120-,  and  150-degree 
included  angles,  respectively. 

4.  No  further  decrease  m  axial  displacement  was  achieved  by  the  selection 
of  windows  with  t/D  ratios  larger  than  >1 .000, 1 .000, 0.750,  0.750, 0.625. 
for  30-,  60-.  90-,  120-,  and  150-degree  included  angles,  respectively. 

5.  The  minimum  axial  displacements  after  1,000-hour  sustained  loading  at 
5,000  psi  that  could  be  achieved  by  increasing  the  t/D  of  v/mdows  with 

D  =  1 .000  inch  were-  0.042, 0.023, 0.023, 0.019,  and  0.019  inch  for  30-, 

60-,  90-,  1 20-,  and  1 50-degree  included  angles,  respectively. 


CONCLUSIONS 

Conical  acrylic  windows  are  suitable  for  applications  under  long-term 
sustained  hydrostatic  loading  of  5,000  psi  providing  the  proper  t/D  ratio  for 
a  given  conical  angle  is  chosen.  Only  windows  with  a  >  60  degrees  and 
t/D  >  0.625,  or  a  >  90  degrees  and  t/D  >  0.500  will  provide  safe  and  crack- 
free  service  for  sustained  loading  of  1,000  hours  duration  where  maximum 
operational  pressure  is  5,000  psi. 


RECOMMENDATIONS 

For  the  design  and  fabrication  of  conical  acrylic  windows  under 
long-term  hydrostatic  loading  of  5,000  psi,  detailed  information  and  speci¬ 
fications  contained  in  Appendixes  A  and  B  should  be  taken  into  consideration. 


18 


Appendix  A 


DISPLACEMENT  OF  CONICAL  ACRYLIC  WINDOWS 
UNDER  SUSTAINED  HYDROSTATIC 
LOADING  AT  5,000  PSI 


Each  of  the  conical  acrylic  windows  subjected  to  sustained  5,000-psi 
hydrostatic  loading  experienced  axial  displacement  through  the.  flange  opening. 
There  were  three  distinct  phases  in  the  axial  displacement  of  each  window.  The 
first  phase  took  place  when  the  pressure  was  raised  at  a  650-psi/minute  rate 
from  0  to  5,000  psi.  The  second  phase  was  relatively  rapid  axial  displacement 
of  the  window  through  the  flange  immediately  after  the  5,000-psi  sustained 
pressure  loading  was  reached.  The  second  phase  lasted  for  approximately  1 2 
to  24  hours.  The  third  phase  of  axial  displacement  was  the  relatively  slow 
axial  displacement  of  the  window  during  the  remaining  duration  of  sustained 
pressure  loading  at  5,000  psi.  To  emphasize  and  delineate  the  three  distinct 
phases  of  axial  displacement,  two  different  scales  were  used  for  plotting  the 
displacements.  Log-log  scales  with  0.001 -inch  displacement  and  1 -minute 
time  units  were  selected  to  show  the  rapid  rate  of  displacement  of  the  win¬ 
dows  during  phases  1  and  2.  Linear  scales  with  0,002-inch  displacement  and 
1-day  time  units  were  chosen  to  show  the  slow  rate  of  displacement  during 
phase  3.  To  permit  rapid  visual  comparison  of  the  two  different  displacement 
phases,  they  are  grouped  together  in  Figures  A-1  through  A-5  for  each  different 
window  configuration. 

When  one  observes  the  graphs  depicting  phases  1 ,  2,  and  3,  one 
immediately  notes  that  the  relationship  between  time  and  magnitude  of 
axial  displacement  is  not  shown  graphically  by  a  narrow  line  but  by  a  wide 
band  whose  width  and  shape  varies  from  one  figure  to  another.  There  are 
several  reasons. 

1 .  Each  curve  represents  the  range  of  displacements  shown  by  a  group  of 
five  window  specimens  which  were  not  of  identical  dimensions,  but  varied 
by  the  magnitude  of  dimensional  machining  tolerances. 

2.  All  of  the  five  windows  comprising  a  single  t/D  ratio  group  for  a  given 
angle  were  not  tested  in  the  same  flange,  but  in  several  flanges  that  differed 
from  each  other  by  the  magnitude  of  dimensional  machining  tolerances  and 
surface  finish. 

3.  All  five  windows  in  a  group  were  not  tested  at  an  identical  temperature. 

The  average  temperature  varied  several  degrees  from  one  long-term  test  to 
another. 


4.  Ail  of  the  five  windows  were  not  machined  from  the  same  piece  of 
material,  or  for  that  matter  at  the  same  machining  rate. 

There  are  several  general  observations  that  can  be  made  about  the 
scatter  of  recorded  displacement  data.  First,  the  width  of  the  plotted  dis¬ 
placement  range  appears  to  be  in  a  large  measure  a  function  of  absolute 
displacement  magnitude;  (that  is.  at  small  displacements  the  range  is  narrow, 
while  for  large  displacements  the  range  is  large).  Second,  displacements  of 
windows  that  are  accompanied  by  extensive  cracking  and  fracturing  of  the 
acrylic  material  vary  more  from  one  specimen  in  the  same  group  to  another 
than  the  displacements  of  windows  not  accompanied  by  extensive  cracking. 
This  phenomenon  in  all  probability  is  caused  by  the  randomness  of  crack 
initiation  and  propagation,  as  compared  to  the  nonrandomness  of  typical 
stress-strain  behavior  of  material  before  cracking. 

For  some  t/D  ratio  groups  (Figure  A-la)  there  are  no  graphs  depicting 
phase  3  of  window  displacement  because  ail  of  the  windows  in  that  group 
failed  prior  to  the  termination  of  the  1 ,000-hour  tests. 

When  the  data  contained  in  Figures  A-1  through  A-5  are  used  for 
design  of  operational  windows,  the  upper  boundary  of  displacement  ranges 
should  be  utilized.  It  represents  a  conservative  approach  to  sizing  of  window 
flange  cavities  for  containment  of  windows  during  their  displacement  under 
sustained  hydrostatic  pressure  of  5,000  psi.  For  design  of  windows  that  will 
be  used  at  a  sustained  pressure  of  less  than  5,000  psi,  the  lower  boundary  of 
the  displacement  range  should  be  utilized,  as  otherwise  the  design  of  flange 
cavity  becomes  too  conservative. 

Since  the  axial  displacements  shown  in  Figures  A-1  through  A-5  have 
been  experimentally  generated  by  testing  of  model  scale  windows  with  1-inch 
minor  diameter,  the  data  can  be  applied  directly  without  any  modification 
only  to  prediction  of  displacements  for  windows  with  D  =  1.000  inch.  The 
displacements  of  windows  with  diameters  larger  than  1 .000  inch  can  be  pre¬ 
dicted  also,  but  the  displacements  shown  in  Figures  A-1  through  A-5  have  to 
be  modified  by  a  linear  scaling  factor  which  is  a  function  of  D.  Thus,  for 
example,  the  displacements  of  90-degree  windows  with  t/D  =  0.500  and 
D  =  6.000  inch  will  be  larger  by  a  factor  of  six  than  those  shown  in  Figure 
A-3b  for  90-degree  windows  with  t/D  =  0.500  and  D  =  1 .000  inch.  The 
validity  of  the  linear  scaling  factor  for  prediction  of  axial  displacement  of 
windows  under  short-term  and  long-term  hydrostatic  loadings  has  been 
experimentally  proved  in  previous  studies.’'^'® 
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Figure  A-la.  Displacement  of  conical  acrylic  plastic  windows  under  Figure  A-1b.  Displacement  of  conical  acrylic  plastic  wir 

5,000-psi  sustained  pressure  loading;  30-degree  included  5,000-psi  sustained  pressure  loading;  30  di 

angle  with  t/D  ratio  =  0.375.  angle  with  t/D  ratio  =  0.500. 
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Figure  A- Id.  Displacement  of  conical  acrylic  plastic  windows  under 
5,000-psi  sustained  pressure  loading;  30-degree  included 
angle  with  t/D  ratio  =  0.750. 
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Figure  /K-2d.  Displacement  of  conical  acrylic  plastic  windows  under 
5,000-psi  sustained  pressure  loading;  60-degree  included 
angle  with  t/D  ratio  =  0.750. 


Figure  A-2e.  Displacement  of  conical  acr 
5,0C0'psi  sustained  pressure 
angle  with  t/D  ratio  =  1.000 
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Figure  A-2e.  Displacement  of  conical  acrylic  plastic  windows  under 
5,0Q0  psi  sustained  pressure  loading;  60-degree  included 
angle  with  t/D  ratio  =  1.000. 


ni)  litatiiiltit 


IIi|ilic<aHt«ricnlltyii4t»  I  HITjhI 

HagtrlMf-Tira  XflrtiUtlc  Pni«ri  [TaaM'X*'*: 

nri  CtMt  rrttiart;  g,D((  »>l 


Rligliitatit  aMatlil:  ill  IjH  I 

TtaMnO'C  JI  J'f 


Si’SSH* 


Ss5s525^gHi 


•■MJilll _ , 

niilUBMl 

■Mr 


m 

111 

m 

1— r 

conttint  pre 
at  5,000  psi 

-t-i-l-ltiil 

issure 

1 - 1- 

•>  71  H  M 


A/ind(l| 

i-degl 


cal  acrylic  plastic  windows  under 
•■essure  loading;  90-degree  included 
0.500. 


Figure  A-3c.  Displacement  of  conical  acrylic  plastic  windows  under 
5,000-psi  sustained  pressure  loading;  90-degree  included 
angle  with  t/D  ratio  =  0.625. 
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Figure  A-3d.  Displacement  of  conical  acrylic  plastic  windows  under 
5,000  psi  sustained  pressure  loading;  90-degree  included 
angle  with  t/D  ratio  =  0.750. 
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Figure  A-4b.  Displacement  of  conical  acrylic  plastic  windows  under 

5,000-psi  sustained  pressure  loading;  120-degree  included 
angle  with  t/D  ratio  =  0.500. 
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Figure  A-<!c.  Displacement  of  conical  acrylic  plastic  windows  under 

5,000  psi  sustained  pressure  loading;  120-degree  included 
angle  with  t/D  ratio  =  0.625. 
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Figure  A*5a.  Oisplaccmcnt  of  conical  acrylic  plastic  windows  under 

5,000-psi  sustained  pressure  loading;  150-degree  included 
angle  with  t/D  ratio  =  0.375. 
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Figure  A-5c.  Displacement  of  conical  acrylic  plastic  windows  under 

5  000-psi  sustained  pressure  loading;  150-degree  included 
angle  with  t/D  ratio  =  0.625. 
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Appendix  B 


DESIGN  OF  WINDOW  AND  FLANGE  SYSTEMS  FOR 
LONG-TERM  LOADING  AT  5,000  PSI 


INTRODUCTION 

When  the  data  generated  in  this  study  are  to  be  applied  to  the  design 
of  windows  for  deep-submergence  systems,  several  design  and  operational 
parameters  must  be  '-jrefully  evaluated.  The  most  important  operational 
parameter  that  must  be  considered  is  the  type  of  pressure  loading  to  which 
the  pressure-resistant  structures  with  windows  will  be  subjected.  For  ease 
of  discussion,  hydrostatic  pressure  loadings  can  be  classified  into  four  general 
categories:  (1)  static  short-term,  (2)  sustained  long-term,  (3)  cyclical,  and 
(4)  dynamic. 

The  short-term,  static  pressure  loading  has  been  defined  as  a 
continuous  pressure  rise  at  some  arbitrarily  set  pressure  rise  rate  until  a 
predetermined  pressure  is  reached;  at  this  point,  the  pressure  is  released  at 
the  same  rate.  The  pressure  rise  rate  selected  for  NCEL  window  studies’*^ 
was  650  psi/min. 

Long-term  sustained  pressure  loading  is  defined  here  as  raising  the 
pressure  at  some  set  rate  to  a  predetermined  pressure  level  and  holding  it 
there  for  the  duration  of  the  mission.  Depending  on  the  duration  of  the 
constant  pressure  aoplication,  the  long-term  pressure  loading  is  further 
defined  by  the  number  of  hours  or  days  that  it  is  maintained  on  the  win¬ 
dow. 

Cyclical  pressure  loading  is  defined  as  varying  the  pressure  between 
arbitrary  maximum  and  minimum  pressure  levels,  with  the  period  of  pressure 
fluctuation  being  either  constant  or  variable. 

Dynamic  pressure  loading  depends  for  its  definition  on  the  arbitrary 
dividing  line  between  short-term  static  and  dynamic  pressure  rise  rate,  which 
for  windows  used  in  submersibles  probably  can  be  placed  at  5,000  psi/min. 
The  dynamic  pressure  application  may  be  short-term  if  applied  once,  or 
cyclical  if  applied  repeatedly. 
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WINDOWS 


Selection  of  t/D  Ratios 

The  data  that  have  been  generated  in  this  study  are  directly  applicable 
only  to  design  of  truncated  cone  acrylic  windows  under  short-term  or  long¬ 
term  loading  at  5,000  psi,  since  the  test  specimens  in  this  study  underwent 
short-term  pressurization  at  the  rate  of  650  psi/min  followed  by  long-term 
steady  pressure  loading  at  5,000  psi.  On  the  basis  of  these  data,  a  guideline 
can  be  suggested  for  the  benefit  of  the  engineer  designing  acrylic  hydrospace 
windows  of  truncated  cone  shape  for  a  one-time,  long-term  pressurization  to 
5,000  psi  in  the  32°F-to-75°F  temperature  range. 

Design  Guideline  1.  For  applications  in  \«hich  the  truncated  cone  acrylic 
windows  serve  as  high-grade  optical  lenses  for  manned  submersibles  under  a  single  sus¬ 
tained  pressure  loading  of  5,000  psi  in  the  32°F-to-75°F  temperature  range,  the  following 
minimum  window  dimensions  are  recommended 


Flange 

Included  Conical 

t/D  Ratio  for  Sustained  Loading  Period  of — 

Angle  (deg) 

1  Hour 

100  Hours 

1 ,000  Hours 

100,000  Hours 

30 

0.750 

1.000 

■B 

1.250 

(See  Design 
Guideline  2) 

60 

0.500 

0.625 

0.750 

90 

0.375 

0.500 

mSSM 

0.625 

120 

0.375 

0.500 

0.500 

0.625 

150 

0.375 

0.500 

0.500 

0.625 

The  t/D  ratios  acceptable  for  optical  applications  of  truncated  cone 
acrylic  windows  have  been  selected  after  a  thorough  consideration  of  three 
parameters  of  importance  in  operational  window  performance:  (1)  magnitude 
of  axial  displacement  during  the  long-term  pressure  loading,  (2)  deformation 
of  high-  and  of  low-pressure  faces,  and  (3)  magnitude  of  penetration  and 
location  of  cracks  on  the  conical  surface  during  the  sustained  loading.  Since 
it  is  virtually  impossible,  regardless  of  t/D  ratio  and  angle  chosen,  to  completely 
eliminate  time-dependent  cold  flow  of  the  acrylic  plastic  at  5,000-psi  hydro¬ 
static  pressure,  an  engineering  judgment  was  made  on  what  constitutes  the 
minimum  acceptable  performan.  j  of  the  acrylic  window  from  the  optical 
and  safety  viewpoints. 

A  window  is  considered  to  be  safe  for  manned  operation  if  during  a 
single  sustained  pressure  loading  of  5,000  psi  in  the  32°F-to-75°F  range  for 
the  specified  maximum  duration  no  cracks  or  crazing  were  present  on  the 


high-  and  low-pressure  faces  or  the  conical  bearing  surface.  Total  axial 
displacement  in  the  range  of  0.02D  to  0.05D  at  the  end  of  the  specified 
period  of  loading  presents  no  operational  difficulties  for  the  observer.  The 
window  is  optically  acceptable  if  it  causes  no  distortion  of  viewed  objects  in 
hydrospace  for  an  observer  whose  eyes  are  within  10  inches  of  the  low- 
pressure  face. 

Applicability  of  Data  to  Other  Loading  Conditions 

As  previously  mentionad,  the  experimental  data  generated  in  this 
study  are  applicable  witfi  reasonable  extrapolation  only  to  a  single  short-  or 
long-term  static  pressure  loading  at  5,000  psi.  However,  since  very  few  data 
are  now  available  for  the  design  of  windows  subjected  to  long-term  loading 
at  pressures  other  than  those  used  in  this  study,  some  designers  may  be 
tempted  to  base  their  selections  of  window  proportions  on  the  data  from 
this  study.  This  is  not  recommended.  The  factors  for  adjusting  t/D  ratios 
from  this  study  for  other  pressure  levels  have  not  yet  been  developed.  Studies, 
however,  have  been  completed  that  provide  this  information  for  20,000-psi'’ 
and  10,000-psi®  applications. 

It  is  recommended  as  operationally  desirable  that  the  minimum  t/D 
ratios  acceptable  for  5,OOOTpsi  long-term  pressure  loading  also  be  used  for 
pressures  in  the  0-to-5,000-psi  range.  This  change  in  long-term  operational 
static  pressure  magnitude  will  make  it  possible  to  proof-test  such  windows 
to  5,000  psi  without  damaging  them. 

The  experimental  data  of  this  report  should  not  be  used  for  the  direct 
selection  of  window  proportions  for  applications  where  the  window  is  subjec¬ 
ted  to  cyclic  short-term  or  long-term  pressurizations.  Caution  is  advised  here 
because  the  relationship  between  the  effect  of  cyclic  and  long-term  loading 
conditions  on  the  initiation  of  fractures  in  acrylic  windows  is  not  known. 
However,  because  cyclic  pressurization  data  for  windows  operating  at  5,000 
psi  are  either  nonexistent  or  very  scarce,  designers  may  also  be  tempted  to 
use  long-term  pressure  loading  data  contained  in  this  report  for  the  design  of 
windows  for  cyclic  pressure  service.  Designers  who  do  this  are  advised  that 
the  window  proportions  recommended  for  100,000-hour  sustained  loading 
at  5,000  psi  will  probably  perform  quite  satisfactory  at  5,000-psi  cyclic 
loading  so  long  as  the  maximum  duration  of  the  pressure  cycle  is  less  than 
100  hours.  If  window  proportions  are  selected  for  cyclic  service  on  this 
basis,  evaluation  of  the  prototype  full-scale  window  under  simulated  opera¬ 
tional  conditions  is  recommended.  For  applications  at  5,000-psi  hydrostatic 
loading  where  the  ambient  temperature  is  in  excess  of  80°F  but  le.ss  than 
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120°F,  the  t/D  and  D/D,  ratios*  should  be  chosen  on  the  basis  of 
recommendations  published  previously  for  10,000-psi  service,'*  Where 
the  a.mbient  temperature  exceeds  120°F  but  is  less  than  150°F,  the  t/D 
and  D/Df  ratios  should  be  chosen  on  the  basis  of  recommendations  published 
previously  for  20,000-psi  service.® 

Window  Fabrication 

Since  the  windows  rely  on  intimate  contact  with  the  conical  flange 
cavity  surface  for  their  high-pressure  sealing  as  well  as  for  their  restraint  against 
axial  displacement,  an  accurate  fit  with  that  cavity  is  of  great  importance.  For 
this  reason  the  maximum  allowable  machirung  tolerances  on  the  window  must 
not  exceed  ±0.005  inch  on  the  minor  diameter,  0.010  inch  in  thickness,  and 
±15  minutes  of  included  conical  angle. 

The  windows  are  fabricated  by  machining  acrylic  stock  having  the 
mechanical  and  physical  properties  of  Plexiglas  G  plate.  Commercially  avail¬ 
able  4-inch-thick  plate,  a  custom  cast  block,  or  a  block  made  up  by  bonding 
of  several  standard  acrylic  plates  can  serve  as  machining  slock.  In  the  case  of 
custom  cast  or  bonded  blocks,  the  end  product  must  have  the  same  mechanical 
and  physical  properties  as  a  monolithic,  commercially  available  4-inch-thick 
Plexiglas  G  plate.  It  is  particularly  important  that  the  tensile  strength  of  the 
bonds  in  the  bonded  acrylic  block  be  equal  to  or  approach  (6,000  psi  minimum) 
that  of  the  parent  material  (Table  2). 

Regardless  of  the  machining  stock  used,  the  windovy  should  be 
annealed  twice  during  its  fabrication;  once  after  rough  machining  when  its 
within  approximately  0.125  inch  of  finished  dimensions,  and  a  second  time 
when  it  has  been  machined  to  its  final  dimensions  and  the  surfaces  have  been 
polished.  Without  annealing,  the  conical  bearing  surfaces  of  the  window  will 
craze  and  crack  sooner  under  operational  service. 

The  finish  of  the  conical  bearing  surface  of  the  window  should  be  at 
least  63  rms  followed  by  polishing.  If  the  surface  finish  is  rougher,  crazing 
and  cracking  of  the  conical  bearing  surface  could  initiate  sooner  under  oper¬ 
ational  service. 

Proof-Testing  of  Windows 

When  the  experimental  data  contained  in  this  report  are  used  for  the 
design  of  windows,  care  must  be  taken  not  to  damage  the  windows  with 
excessive  overpressure  proof-testing.  The  basic  ground  rule  for  windows 


*  D/Df  ratio  is  the  ratio  of  the  minor  diameter  cf  the  window  to  the  minor  diameter  of 
the  flange  cavity. 
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selected  on  the  basis  of  long-term  tests  is  that  they  should  never  be  subjected 
to  pressures  in  excess  of  those  used  to  generate  the  basic  data,  regardless  whether 
this  occurs  during  the  operational  life  of  the  window  or  during  the  proof-test 
that  precedes  it.  Because  of  this,  if  the  operational  service  of  the  windovv-s  is 
to  be  at  5.000-psi,  the  proof  pressure  preceding  the  operational  use  of  the  v/m- 
dows  must  only  be  equal  to  operational  pressure.  If  for  some  reason  the  proof 
pressure  mu./i  be  in  excess  of  operational  pressure,  then  accordingly  either  (1) 
the  operational  pressure  rating  must  be  reduced  below  the  5,000-psi  pressure 
level,  or  (2)  the  t/D  and  D/Dj  ratios  of  windows  must  be  chosen  on  the  basis 
of  recommendations  published  previously^  for  windows  operating  at  1 0,000 
psi. 

Since  the  proof-test  to  5,000  psi  prior  to  placement  of  the  window  in 
actual  service  constitutes  a  loading  cycle,  it  is  important  to  make  it  as  brief  as 
possible  so  that  it  does  not  substantially  reduce  the  rated  long-term  life  of  the 
window  in  subsequent  operation  under  service  conditions.  Unless  there  are 
some  special  reasons  for  it,  the  duration  of  the  proof-test  should  not  exceed 
1  hour. 

Ideally,  proof-testing  of  each  window  slated  for  long-term  service 
operation  at  5,000  psi  should  not  take  place  at  all,  as  it  has  a  negative  influ¬ 
ence  on  the  long-term  life  of  the  window.  Instead  of  proof-testing  each 
window,  it  is  more  advantageous  to  rely  on  quality  control  in  the  procure¬ 
ment  of  acrylic  stock  and  in  machining,  annealing,  and  bonding  of  the  window. 
When  this  quality  control  in  fabrication  is  augmented  by  the  testing  under 
simulated  service  conditions  of  a  window  selected  at  random  from  the  same 
group  of  windows  on  the  production  line,  very  reliable  windows  for  long-term 
loading  can  be  obtained.  In  this  manner  even  though  one  window  is  sacrificed 
to  nondestructive  and  possibly  to  destructive  proof-testing,  the  remaining 
windows  from  the  same  production  batch  retain  all  of  their  potential  pressure- 
resisting  capability  for  actual  service. 

If  the  proof-testing  of  operational  windows  to  5,000  psi  is  a  firm 
requirement  for  certification,  the  t/D  ratio  of  windows  for  sustained  service 
at  5,000  psi  should  be  based  on  design  guideline  1  for  100,000  hours  sustained 
loading  duration. 


FLANGES 

Configurations 

Although  all  the  experimental  data  of  this  study  have  been  generated 
in  the  DOL  1  flange  and  window  configuration  (Figure  B-1),  a  minor  modifi¬ 
cation  of  this  configuration  is  recommended  for  full-size  hydrospace  windows 
to  give  the  user  an  added  margin  of  safety  for  windows  whose  proportions  have 
been  selected  on  the  basis  of  this  study. 
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O  •  minor  window  diameter 


Figure  B-1.  Characteristics  of  DOL  1  flange  and  window  assembly  (used  in 
the  current  study). 


The  recommended  modification  to  the  DOL  1  flange  and  window 
configuration  consists  of  locating  the  window's  low-pressure  face  farther 
away  from  the  cylindrical  passage  in  the  flange  to  provide  not  only  radial 
but  axial  restraints  for  the  extruding  portion  of  the  window.  Such  a  flange 
and  window  configuration,  designated  as  DOL  5  flange  (Figure  B-2),  should 
permit  the  windows  to  extrude  somewhat  less  than  the  windows  described 
in  this  study  and  thus  give  the  designer  an  extra  margin  of  safety  and  improved 
optical  performance. 

In  order  to  minimize  the  displacement  of  the  window  under  sustained 
operational  pressure,  as  well  as  to  provide  a  necessary  margin  of  safety  for 
overpressures  to  which  the  windows  may  be  accidentally  or  intentionally 
(as  in  proof-testing)  exposed,  the  engineer  must  design  the  window  flange 
opening  with  required  radial  and  axial  support  for  the  window.  The  dimen¬ 
sions  of  DOL  5  window  flanges  have  been  calculated  and  are  presented  in 
guideline  2.  These  calculations  are  based  on  two  assumptions.  The  first  is 
that  the  distance  b  between  the  window's  low-pressure  face  in  the  conical 
flange  cavity  and  the  bottom  of  the  conical  cavity  must  be  approximately 
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the  same  as  the  displacement  of  the  window  with  recommended  t/0  ratio 
during  the  specified  duration  of  sustained  loading  at  5,000  psi.  The  second 
is  that  either  an  overpressure  or  extension  of  rated  loading  duration  may  be 
encountered  by  the  structure  during  its  life  and  therefore  an  additional 
allowance,  2,  equal  at  least  to  b  should  be  made  for  window  displacement 
in  the  cylindrical  flange  cavity. 

The  first  assumption  must  be  taken  into  account.  The  second  one 
should  be  considered,  but  in  many  cases  no  pressures  higher  than  operational 
will  be  encountered,  and  thus  no  provisions  have  to  be  made  for  displacements 
caused  by  overpressure  or  for  duration  of  loading  past  the  originally  specified 
time  span. 


Note: 

1.  a*  —To  be  chosen  by  designer  on  basis  of  stress  field  evaluation  in  the  flange 

2.  p’  —  To  be  chosen  by  designer  on  basis  of  optical  viewing  requirements 

3.  2  >  b  for  all  t/O  ratios  and  conical  angles  (O) 

4.  b  >  displacement  of  window  during  the  sustained  pressure  loading  for 

specified  period  of  time 

5.  D  >  Of  for  all  t/O  ratios  and  conical  angles  Ct 


Figure  B-2.  Characteristics  of  DOL  5  flange  and  window  assembly  (the  assembly 
recommended  for  long-term  5,000-psi  pressure  application). 
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Design  Guideline  2,  For  applications  in  which  the  truncated  cone  acrylic 
windows  serve  as  high-grade  optical  lenses  for  manned  capsules  under  sustained  pressure 
loading  of  5,000  psi  in  the  32°F-tO'75°F  temperature  range,  the  follov/ing  flange  cavity 
proportioris  are  recommended- 


Window 

Flange 

Included  .Angle 

D/D, 

Cylindrical 

(deg) 

Ratio 

Passage  Length,  2 

30 

1.03 

>0.1D 

(See  Design 
Guideline  1) 

DOL  5 

60 

90 

1.04 

1.06 

>0.1D 
>0.1  D 

120 

1.12 

>0.1D 

150 

1.28 

>0.1  D 

Finishes  and  Tolerances 

The  experimental  data  relating  flange-seat  surface  roughness  to  crack 
initiation  in  the  bearing  surface  of  conical  acrylic  windows  under  long-term 
loading  are  inconclusive.  Therefore,  no  definite  recommendation  based  on 
test  data  can  be  made  for  a  particular  surface  finish  at  this  time.  It  can  be 
only  stated  that  so  long  as  the  surface  finish  is  in  the  range  of  32  to  1 25  rms, 
the  acrylic  conical  windows  will  perform  satisfactorily.  The  surface  finish  of 
the  flanges  used  in  this  study  was  63  rms;  it  performed  quite  acceptably  and 
can  be  considered  a  compromise  between  the  more  expensive  32-rms  finish 
and  the  rough  125-rms  finish. 

Although  exploratory  experimental  data  indicate  that  an  angle 
mismatch  between  the  acrylic  plug  and  the  conical  flange  seat  of  1  to  2 
degrees  magnitude  does  not  noticeably  affect  the  critical  pressure  of  the 
window,  the  mismatch  should  be  kept  to  a  minimum  to  eliminate  low-pressure 
sealing  problems.  To  minimize  leaking,  deviation  of  the  conical  flange  cavity 
from  the  specified  angle  should  be  in  the  ±5-to-±  15-minute  range,  easily  attained 
with  ordinary  machine  shop  practice. 

The  effect  of  variation  in  the  minor  diameter  of  the  conical  cavity  on 
the  displacement  and  critical  pressure  of  the  conical  acrylic  windows  varies 
with  the  type  of  window— flange  system  used.  The  effect  of  variation  is  most 
pronounced  for  the  DOL  2  window-flange  .system  (Figure  B-3)  and  least  pro¬ 
nounced  for  the  DOL  5  system.  Since  the  DOL  5  system  (Figure  B-2)  is  the 
one  recommended  for  windows  under  long-term  hydrostatic  loading,  the 
diametral  tolerance  for  minor  diameter  of  conical  flange  ca^/ily  may  be  in  the 
range  ±0,001  to  ±0.005  inch.  These  tolerances  are  readily  achieved  with  ordi¬ 
nary  machining  processes. 
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Note; 

1.  0  =  Df  for  al(  t/0  ratios  and  conical  angles  (a) 

2.  a*  —  To  be  chosen  by  designer  on  basis  of  stress  field 

evaluation  in  the  flange 

3.  0*  —  To  be  chosen  by  designer  on  basis  of  optical 

viewing  requirements 


Figure  B-3.  Characteristics  of  DOL  2  flange  and  window  assembly  (the  assembly 
not  recommended  for  long-term  5,CK)0-psi  pressure  application). 


SEALS 

Requirements 

One  of  the  major  problems  encountered  in  the  design  of  window 
systems  for  long-term  loading  is  the  design  of  seals.  The  difficulty  in  the 
design  of  seals  for  such  a  system  stems  from  the  fact  that  there  are  three 
separate  operational  requirements  that  the  seals  must  satisfy: 

1 .  The  window  system  must  be  watertight  at  low  pressures  while 
the  capsule  or  habitat  is  being  towed  to  its  location. 

2.  The  window  system  must  be  watertight  at  the  maximum 
operational  pressure  during  the  projected  duration  of  the 
mission  on  the  ocean  bottom. 

3.  The  window  system  must  be  watertight  upon  return  of  the 
55ps«f5  G-'  habitat  to  the  ocean  surface,  and  during  the  subse¬ 
quent  towing  to  dock. 
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It  is  relatively  easy  to  satisfy  the  first  two  requirements.  Any 
ordinary  gasket  will  seal  the  high-pressure  face  of  the  window  against  the 
window-retaining  ring  at  low  hydrostatic  pressure,  while  the  greased  surface 
of  the  v./indow  acts  as  a  seal  itself  under  high  external  hydrostatic  pressure. 

It  is  much  more  difficult  to  satisfy  the  third  requirement  because  the  win¬ 
dow  has  experienced  viscoelastic  deformation  during  its  long-term  service 
under  operational  pressure  of  5,000  psi.  Upon  return  of  the  capsule  to  the 
ocean  surface  there  is  a  tendency  for  the  windows  to  leak;  because  viscoelastic 
displacement  of  the  window  has  taken  place,  the  gasket  between  the  window- 
retaining  ring  and  the  window  is  no  longer  compressed.  There  are  many  design 
approaches  that  will  mitigate  or  completely  eliminate  the  problem  of  window 
leakage  upon  return  of  the  capsule  or  habitat  to  the  ocean  surface  after  its 
long-term  submergence.  Seals  of  several  designs  have  been  built  and  their 
performance  noted. 

Seal  Designs 

The  five  different  types  of  seals  (Figure  B-4)  investigated  for  sealing 
windows  under  long-term  loading  were  designed  primarily  to  satisfy  sealing 
requirement  3,  but  in  the  process  of  satisfying  that  requirement  in  every  case 
they  also  satisfied  requirements  1  and  2.  The  simplest  seal  investigated  was 
the  standard  gasket  compression  seal  of  60-durometer  hardness  held  against 
the  window's  high-pressure  face  by  a  retaining  ring.  Its  thickness  was  selected 
to  permit  the  necessary  precompression  during  installation  without  causing 
permanent  set  to  the  gasket.  The  precompression  was  selected  to  accommodate 
the  largest  predicted  displacement  of  the  window  in  the  flange  and  yet  maintain 
sufficient  contact  pressure  with  the  window  and  the  retaining  ring  to  permit 
the  gasket  to  function  as  a  seal  when  the  capsule  or  habitat  is  brought  back 
to  the  ocean  surface. 

The  seal  utilizing  an  0-ring  in  radial  compression  was  a  little  more 
complex.  For  this  design,  as  well  as  the  elastomeric  channel  seal  design 
discussed  later,  both  the  window  and  the  flange  cavity  had  to  be  enlarged 
to  accommodate  the  seal  without  reducing  the  window's  critical  dimensions. 
Because  the  0-ring  was  designed  to  be  under  radial  compression,  the  defor¬ 
mation  of  the  window  material  under  long-term  hydrostatic  pressure  would 
tend  to  make  the  seal  more  pressure  resistant;  the  clearance  between  the  edge 
of  the  window  and  the  flange  cavity  surface  would  decrease  with  time.  In 
addition,  the  axial  movement  of  the  window  in  the  flange  did  not  present 
any  problems  in  this  0-ring  seal  arrangement,  as  the  radially  compressed 
0-ring  slides  with  the  window  along  the  cylindrical  surface  of  the  cavity 
in  the  flange  without  any  loss  of  compression.  In  this  design,  the  window 
is  held  in  the  flange  cavity  by  means  of  a  single  flat  annular  spring  com¬ 
pressed  against  the  high-pressure  face  of  the  window  by  a  retaining  ring. 
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Gasket  Seal 


Radial  O-RingScal 


Channel  Seal 


Wiper  Seal 


Axial  0-RingSeal 


Figure  B-4.  Seals  applicable  to  windows  unde;;  long-term  pressure  loading. 


The  channel  seal  operates  on  basically  the  same  principle  as  the  radial 
0-ring  seal.  However,  the  seal,  which  slides  along  the  cylindrical  cavity  surface 
(Figure  B-4)  with  axial  displacement  of  the  window,  is  an  elastomeric  channel 
presseo  against  the  window  and  the  cavity  surface  by  two  split  rings.  The 
window  is  held  in  the  flange  cavity  by  means  of  several  helical  springs  held 
in  compression  by  a  retaining  ring. 

The  wiper  seal,  in  the  form  of  an  elastomeric  wedge  with  triangular 
cross  section,  was  designed  to  operate  on  the  same  surface-v^iping  principle 
as  the  two  preceding  seals  except  that  during  axial  displacement  of  the  win¬ 
dow  in  the  flange  cavity  the  seal  wipes  a  conical  surface,  not  a  cylindrical  one 
as  is  the  case  in  the  two  previous  seals.  Because  of  this,  the  flange  cavity  and 
window  may  be  the  same  size  and  shape  as  for  the  standard  gasket  design. 

The  window-retaining  ring  acting  upon  the  seal  wiper  ridge  also  serves  the 
secondary  function  of  preventing  the  v/indow  from  moving  excessively  out¬ 
ward  upon  surfacing. 

The  axial  0-ring  seal  was  designed  like  the  wiper  seal  to  maintain 
constant  contact  with  the  conical  flange  surface  under  large  axial  displace¬ 
ments  of  the  window.  The  window  is  held  in  positive  contact  with  the  cavity 
surface  by  a  flat  annular  spring  or  rubber  gasket  compressed  by  the  retaining 
ring  against  the  window’s  high-pressure  face. 

Seal  Evaluation 

All  cf  the  seals  shown  in  Figure  B-4  performed  equally  well  under 
sustained  or  cyclic  5,000-psi  hydrostatic  loading.  The  reason  for  the  satis¬ 
factory  performance  of  all  seal  configurations  is  the  relatively  low  hydrostatic 
pressure  to  which  they  were  subjected  in  this  study.  While  in  previous  tests, 
where  the  hydrostatic  pressures  were  10,000  or  20,000  psi,  the  axial  displace¬ 
ment  and  deformation  of  the  windows  were  large  (>0.050  inch  for  windows 
with  D  =  1.000  inch),  in  the  current  tests  they  were  small  (<0.050  inch). 
Because  of  the  rather  small  displacements  and  viscoelastic  deformations  in 
windows  under  5,000-psi  hydrostatic  loading,  there  is  no  need  to  use  the 
rather  complex  seal  systems  used  in  the  10,000-  and  20,000-psi  loading 
studies,  since  the  simple  more  economical  seal  systems  will  do  just  as  well. 

Seal  Selection 

In  view  of  the  considerations  discussed  in  the  section  on  seal  design 
evaluation,  it  can  be  postulated  that  for  long-term  loading  at  a  hydrostatic 
pressure  of  5,000  psi  only  two  seal  designs  (simple  gasket  and  0-ring)  are 
attractive. 
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Where  the  window  cavity  in  the  flange  is  to  have  the  least  axial  length 
possible  and  where  the  economics  of  window— seal  system  fabrication  are 
important,  the  simple  gasket  seal  design  is  preferable. 


Design  Guideline  3.  For  the  simple  gasket  seal,  the  design  guidelines  for 
selecting  the  magnitude  of  elastic  gasket  precompression  under  the  window-retaining 
ring  depend  on  the  design  guidelines  used  in  the  selection  of  window  t/D  ratios. 


Selection  of 
Window  t/D 

Corresponding 
Conical  Cavity 
Dimensions 

Corresponding  Gasket  Compressions® 

Under  Retaining  Ring(s)  for 

Included  Angles — 

30° 

60° 

90° 

120° 

150° 

Guideline  1 

Guideline  2 

0.06D 

0.04D 

0.030D 

0.030D 

^  Minimum  precompression. 


If  the  gaskets  are  compressed  (Figure  B-5)  as  recommended,  and  no 
permanent  set  of  the  elastomeric  gasket  occurs,  the  seal  should  perform 
adequately  prior  to  the  long-term  pressure  loading,  during  the  sustained 
long-term  loading  of  5,000  psi,  and  in  low-pressure  service  encountered  by 
the  window  when  the  ocean  bottom  habitat  or  capsule  returns  to  the  ocean's 
surface. 

In  applications  in  which  economy  is  not  of  prime  consideration  and 
off-the-shelf  commercial  0-rings  are  available  for  that  particular  window 
diameter,  the  axial  0-ring  seal  can  be  utilized  instead  of  the  gasket  seal. 


Prior  to  Compression 


After  Compression 


Figure  B-5.  Parameters  for  selection  of  gasket  seal  compression  according  to 
Design  Guideline  3. 
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Design  Guideline  4.  For  the  axial  O-ring  seal,  the  design  guideline  for  selecting 
the  size  of  the  groove,  in  the  window/  and  its  location  depend  on  the  design  guidelines  used 
in  the  selection  of  window  t/D  ratios. 


Selection  of 
Window  t/D 

Corresponding 
Conical  Cavity 
Dimensions 

Corresponding  Dimensions 
of  Window  Lip  (k)  for 

Included  Angle — 

30° 

60° 

90° 

120° 

150° 

Guideline  1 

Guideline  2 

m 

0.2D 

■0.3D 

0.3D 

0.3D 

The  foregoing  list  dimensions  (defined  in  Figure  B-6)  recommended 
for  the  window  lip  describes  the  maximum  permissible  thickness  of  the  lip. 
In  order  to  specify  the  window,  however,  one  must  also  know  the  minimum 
permissible  thickness  of  the  lip.  The  minimum  dimr.sions  do  not  depend 
on  the  magnitude  of  the  external  pressure  to  which  the  window  will  be  sub¬ 
jected  or  the  conical  angle  but  on  (1)  the  size  of  the  O-ring,  which  in  many 
cases  is  chosen  solely  on  the  basis  of  the  vyindow  diameter,  and  (2)  the 
rigidity  of  the  lip,  which  varies  with  k  rather  than  D. 

In  general,  the  width  of  the  groove®  should  be  >0.15  inch  for 
1 /8-inch  0-rings  associated  with  small  windows  and  >0.3  inch  for  1 /4-inch 
0-rings  used  in  large  windows.  The  window  lip  should  be  at  least  equal  in 
thickness  to  the  groove  width,  or  preferably  twice  as  thick  to  prevent  its 
chipping  during  handling  of  windows  at  installation. 


Figure  B-6.  Parameters  for  selection  of  window  lip  dimensions  according  to 
Design  Guideline  4. 
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SUMMARY 


To-tie  together  the  many  design  guidelines  spelled  out  in  Appendix 
B,  two  typical  windows  will  be  designed  and  dimensioned. 

Case  A 


Requirements. 

Preaure:  5,000  psi 

Type  of  loading:  Sustained,  100,000  hours 

Type  of  service:  Optical  observation  of  hydrospace 

Cone  angle:  90  degrees 

Type  of  seal:  Axial  0-ring 

Minor  diameter:  Tinch 


Dimensioning.  Optical  service  requires  that  Design  Guideline  1  be 
used  for  window  t/D  selection  (in  this  case  t/D  =  0.625),  Design  Guideline  2 
for  flange  cavity  D/Df  selection  (in  this  case  D/D,  =  1,06  and  t  =  0.1  D),  and 
Design  Guideline  4  for  axial  0-ring  seal  and  window  lip  thickness  selection 
(k  <  0.3D,  w  =  0.100,  n  =  0.05).  The  configuration  of  the  window  and 
flange  is  shown  in  Figure  B-7. 


1-5/8  X 1-1/2  X 
1/16  in. 
neoprene, 
0-ring  60 
shore  herdnets 


neoprene  retaining  gasket, 
,0.125  in.  thick 


0.935  in. 


Figure  U-7.  Typical  design  of  axial  0-ring  seal  on  a  90-degree  window  for 
100,000  hours  of  service  at  sustained  5,000-psi  pressure  in 
32°F-to-75°F  temperature  range. 
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Case  B 


Requirements. 

Pressure;  5.000  psi 

Type  of  loading:  Sustained,  1,000  hours 

Type  of  service:  Optical  observation  of  hydrospace 

Cone  angle:  90  degrees 

Type  of  seal:  Gasket  seal 

Minor  diameter:  1  inch 


Dimensioning.  Optical  observation  service  requires  that  Design 
Guideline  1  be  used  for  window  t/D  selection  (in  this  case  t/D  =  0.5),  Design 
Guideline  2  for  flange  cavity  D/Dj  selection  (in  this  case  D/Df  =  1 .06,  £  = 

0.1  D),  and  Design  Guideline  3'for  gasket  seal  precompression  specification 
(in  this  case  0.03D).  The  configuration  of  the  window  is  shown  in  Figure  B-8. 


Figure  B-8.  Typical  design  of  gasket  seal  on  a  90-degree  window  for 
1,000  hours  of  service  at  sustained  S.OOO-psi  pressure  in 
32°F-to-75°F  temperature  range. 


Since  all  of  the  design  guidelines  discussed  in  Appendix  B  had  as 
their  objective  a  window  that  performs  reliably  and  safely  in  0  to  5,000  psi 
pressure  range  and  32°F-to-75°F  temperature  range,  an  approach  to  dimen¬ 
sioning  was  used  that  alv^ays  assumed  the  windows  would  be  used  at  the  most 
severe  loading  condition.  Thus,  it  can  be  expected  that  when  an  axial  O-ring- 
sealed  optical  service  window  is  operated  at  3,000  psi  and  34®F  temperature 
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for  less  than  the  whole  span  of  its  rated-life,  the  displacements  of  the 
window  will  be  much  less  than  provided  for  by  the  design  guidelines.  On 
the  other  hand  if  a  gasket-sealed  optical  ^rvice  window  is  operated  at  5,000 
psi  arid  75°F  temperature  for  the  whole-span  of  its  sustained  loading  rating, 
the  displacements  vyill  probably  be  equal  to  tho.se  foreseen  by  the  design 
guidelines. 

Although  both  of  the  typical  windows  shown  (Figures  B-7  and  B-8) 
have  a  minor  diameter  of  only  1.000  inch,  the  same  design  aiteria  can  be 
successfully  utilized  for  dimensioning  of  windows  with  larger  minor  diameters. 
This  has  been  facilitated  by  giving  all  the  dimensions  in  Design  Guidelines  1 
through  4,  in  terms  of  the  minor  window  diameter,  D.  thus,  regardless  of 
whether  D  is  specified  by  the  designer  in  terms  of  inches,  centimeters,  or 
feet,  the  dimensions  called  out  by  the  design  guidelines  of  Appendix  B  will 
be  in  the  same  terms,  since  all  of  the  dimensions  given  in  the  guidelines  are 
linear  functions  of  D. 
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STRUCtURAL  DESIGN  OF  CJNICAL  ACRYLIC  VIEWPORTS 

Technical  Report  R~^6 
YF  38.535.005.01.005 
by 

M.  R.  Snoey  and  M.  G.  Katona 


ABSTRACT 

The  purpose  of  this  report  is  to  establish  a  rational  engineering 
approach  for  the  design  of  conical  acrylic  viewports.  To  achieve  this  goal, 
a  time-dependent,  yield-failure  criterion  was  developed  and  utilized  in  the 
analysis  of  a  variety  of  viewport  configurations.  Specifically,  a  range  of 
thickness/minor  diameter  (t/d)  ratios  from  0.25  to  1.75  and  included  angles 
from  60°  to  120°  were  analyzed  by  the  finite  element  technique.  Using  the 
viewport  structural  analysis  in  conjunction  with  the  yield-failure  criterion 
for  acrylic,  time-dependent  operating  depths  were  determined  as  a  function 
of  viewport  configuration. 

Paralleling  the  above,  an  experimental  investigation  was  performed  to 
validate  the  analytical  results.  Six  full-scale  viewports  were  tested  for  a  year 
under  simulated  operational  conditions  that  included  simultaneous  cycling 
of  pressure  and  temperature,  0  to  4,000  psi  and  70  to  35°F,  respectively. 

Comparison  of  analytical  and  experimental  results  indicated  excellent 
agreement  for  the  physical  location  of  viewport  failure  at  specified  loading 
histories. 

Design  recommendations  are  presented  in  the  form  of  design  curves 
which  enable  the  design  of  a  conical  acrylic  viewport  for  a  specified  operating 
pressure  and  duration  under  load.  To  complete  the  recommendations,  design 
information  is  given  also  on  sealing  with  a  conventional  0-ring,  as  well  as 
guidelines  for  elevating  a  viewport  in  its  flange. 
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INTRODUCTION 


Objectives 

1 .  Accumulate  experimental  test  data  on  full-scale  viewports  under 
simulated  operational  conditions. 

2.  Develop  a  rational  failure  criterion  for  conical  acrylic  viewports. 

3.  Develop  parametric  design  curves  based  on  the  failure  criterion. 

Purpose 

The  presence  of  viewports  in  practically  every  undersea  vehicle  is 
indicative  of  their  importance  for  visibility  in  undersea  research.  Piccard’ 
first  introduced  conical  acrylic  viewports  in  1939  and,  presently,  18  submer- 
sibles,  or  about  half  the  total  number,  utilize  Piccard's  90°  conical  frustum 
design  for  a  wide  range  of  operating  depths.  Figure  1  shows  full-scale,  90° 
conical  viewports  while  Reference  2  contains  a  historical  background  on 
viewports  along  with  a  summary  of  viewport  designs  for  about  40  vehicles. 

This  study  is  intended  to  satisfy  a  need  in  the  design  of  conical 
viewports  that  has  existed  and  has  seen  no  improvement  for  the  past  30 
years.  The  need  was  to  develop  parametric  design  curves  based  on  the 
viewports  functional  use  and  to  include  time  effects  (creep)  in  the  design 
curves. 

A  thorough  structural  analysis  of  a  conical  viewport  was  not  even 
available  until  just  recently.^ All  three  of  these  references  provide  good 
insight  into  the  structural  response  of  a  conical  viewport,  however,  they  do 
not  provide  any  information  for  the  designer. 

Although  acrylic  viewports  have  accumulated  a  large  amount  of 
operational  time,  thereby  generating  some  confidence  in  the  material,  trepi¬ 
dations  still  do  exist.  Design  curves  based  on  accurate  experimental  material 
tests,  a  rational  failure  theory,  and  complete  structural  analysis  should  relieve 
these  fears  and  provide  more  confidence  in  viewport  design. 

Design  recommendations  for  conical  acrylic  viewports  would  not  be 
complete  without  a  section  on  sealing.  Therefore,  Appendix  A  contains 
information  on  methods  of  sealing  and  how  they  affect  the  viewport  design 
economically,  operationally,  and  structurally. 
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SCOPE  OF  INVESTIGATION 


The  investigation  was  divided  into  two  sections:  (1 )  the  experimental 
phase  which  will  be  discussed  first  followed  by  (2)  the  analytical  phase. 

Experimental  Phase 

The  objective  of  the  experimental  tests  was  to  accumulate  data  on 
full-scale,  90°  conical  viewports  with  a  range  of  thickness  to  minor  diameter 
ratios,  t/d.  Figure  2  shows  a  cross  section  of  a  typical  viewport.  The  test 
conditions  simulated  actual  operational  conditions  as  nearly  as  possible  so 
that  the  results  could  be  used  to  provide  insight  on  the  type  and  location  of 
failures  occurring  during  operation.  More  importantly,  the  data  would  serve 
to  test  the  validity  of  the  analytical  results. 

Tests  were  conducted  on  six  viewports  of  three  sizes  as  listed  in 
Table  1.  The  viewports  were  all  machined  from  a  4-iriCh-thick  commercial 
cast  sheet  of  Plexiglas  G  acrylic  plastic.  The  minor  diameters  were  approxi¬ 
mately  4, 6,  and  8  inches  which  gave  t/d  ratios  of  0.92, 0.61,  and  0.45, 
respectively. 


Table  1.  Full-Scale  Experimental  Viewport  Dimensions 


Included 

Angle,  a 
(±5') 

Major 

Diameter,  D 
(in.) 

Minor 

Diameter,  d 
(in.) 

Thickness,  t 
(in.) 

' 

t/d 

90°  0' 

11.863 

4.193 

3.835 

0.915 

90°  0' 

11.854 

4.180 

3.837 

0.916 

90°  0' 

13.989 

6.299 

3.835 

0.610 

90°  0' 

13.950 

6.292 

3.829 

0.608 

90°  0' 

16.013 

8.411 

3.801 

0.453 

90°  O' 

16.025 

8.431 

3.797 

0.451 
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Figure  2.  Cross  section  of  a  typical  viewport. 

The  six  viewports  were  tested  simultaneously  in  three  refrigerated 
pressure  vessels.  Displacements  and  post-test  observations  served  as  the 
recordable  data.  Details  on  the  equipment  and  test  procedure  used  are  in 
Appendix  B. 

Inasmuch  as  an  undersea  vehicle  might  make  many  dives,  cycling  of 
the  pressure  load  was  included  as  part  of  the  test  procedure.  The  simulation 
of  actual  dives  required  simultaneous  changes  in  pressure  and  temperature. 

As  the  pressures  were  changed  from  0  to  4,000  psi,  the  temperature  simul¬ 
taneously  was  changed  from  70  to  35°F.,  It  was  believed  that  the  most  severe 
test  of  the  viewports  would  be  to  cycle  the  maximum  creep  strains  occurring 
in  each  viewport  under  the  4,000  psi  load.  Therefore,  the  period  of  the 
cycle  for  all  viewports  was  determined  by  loading  the  least  conservative 
design,  t/d  =  0.45,  and  letting  the  viewport  displace  until  the  displacement¬ 
time  curve  was  asymptotic  within  the  accuracy  of  the  measuring  system. 

This  resulted  in  a  "load-on”  time  period  of  500  hours  with  a  "load-off"  or 
relaxation  period  of  100  hours:  the  time  necessaty  to  completely  relax  all 
the  strains  so  the  viewport  would  return  to  zero  displacement.  The  tests  werr 
conducted  over  a  1-year  period  which  resulted  in  13  total  cycles. 
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AnalyticalPHase 

General.  The  knowl^ge  gained  from  the  experimental  tests  was 
utilized  as  a  basis  for  performing  an  analytical  study  on  viewport  designs. 

In  particular,  analytical  Investigation  for  a  spectrum  of  viewport  parameters, 
t/d  and  a  ranging  from  0,25  to  1 ,75  and  60°  to  120°,  respectively,  was  ac- 
compl  ished  by  means  of  the  finite  element  technique. 

In  order  to  develop  rational  design  recommendations,  it  is  necessary 
to  define  the  capacity  of  the  system,  i,e„>what  constitutes  failure.  Since  the 
failure  mode  definition  and  failure  criteria  influence  the  assumptions  made 
in  an  analytical  study,  the  concept  of  failure  is  discussed  prior  to  the  analy¬ 
tical  method  of  attack. 

Concept  of  Failure.  Failure  must  be  considered  from  two  viewpoints: 

(1)  the  structural  level  and  (2)  the  material  level.  First,  at  the  structural 
level,  the  investigator  must  define  failure.  In  the  past,  structural  vi^port 
failure  has  been  taken  as  the  complete  collapse  of  the  system,  often  called 
the  upper  limit  or  ultimate  strength,  which  is  typified  by  large  plastic  flow 
and  rupture.  Another  definition  of  failure  is  the  lower  limit  capacity  of  a 
system  which  Is  defined  as  that  load  which  causes  initial  plastic  yielding  in 
any  local  region  of  the  system. 

The  authors  have  chosen  the  lower  limit  or  "yield  criterion"  as  the 
definition  for  failure  of  acrylic  viewports  based  on  the  following  considera¬ 
tions.  (1 )  The  functional  use  of  a  viewport  is  to  transmit  undistorted  and 
undiminished  light  to  the  viewer,  however,  earlier  experimental  results  have 
shown  that  this  function  is  seriously  impaired  when  the  viewport  is  loaded 
into  the  plastic  range  which  results  in  crazing  and  distortion  of  the  acrylic. 

(2)  The  pressure  that  causes  yielding  is  much  lower  than  the  load  causing 
ultimate  collapse  failure,  consequently,  a  built-in  safety  factor  for  the 
hazardous  environment  is  intrinsic  in  the  lower  limit  design,  in  addition  to 
the  standard  safety  factor  used  for  the  functional  aspect. 

The  second  major  consideration  in  establishing  a  failure  criterion 
belongs  to  the  realm  of  the  material  itself  independent  of  the  particular 
structure  configuration  and  functional  use. 

Since,  by  definition,  the  structure  fails  when  local  yielding  occurs, 
this  dictates  that  a  yield  criterion  for  acrylic  must  be  established  which  will 
adequately  predict  yield  states  under  combined  stresses.  Fortunately,  much 
research  has  been  accomplished  in  this  area  and  it  has  been  shown  that  the 
Huber-von  Mises-Hencky  or  distortion  energy  theory  of  failure®  predicts 
combined-stress  yield-states  extraordinarily  well  for  acrylic.^*®  However, 
this  flow  law  is  complicated  by  the  anisotropic  response  of  yielding  in  tension 
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and  compression  with  tensile  strength  beingjower  thaathe  compressive.  A 
conservative  approach  was  to  circumvent  this  problem.  The.tensile 
strength  was  applied  to  combined  states  of  stress  at  any  time  when  at  least 
one  principal  stress  was  significantly  in  a  tension  zone,  and  the  higher  com¬ 
pressive  strengthivyas  used  strictly  in  the  all-compression  failure  octant. 

Because  acrylic  is  a  typical  thermoplastic,  two  additional  variables 
significantly  affect  its  material  properties:  temperature  and  time. 

In  general,  when  temperatures  are  Increased,  acrylic  material 
properties  decrease,  in  value.  This  feature  of  acrylic  makes  it  an  ideal  material 
for  its  proposed  use  as  a  viewport  for  an  undersea  vehicle  because  the  ocean 
provides  a  low-temperature  environment  which^enhances  properties  over 
those  measured  at  room  temperature. 

The  design  recommendations  set  forth  in  this  report  are  based  upon 
material  response  at  room  temperature,  thus  allowing  the  additional  strength 
of  the  acrylic  due  to  lower  temperatures  at  operational  depths  to  increase  the 
margin  of  safety. 

The  second  variable,  time,  is  not  as  easily  dealt  with  as  temperature, 
but  is  certainly  important  due  to  the  creep  properties  of  acrylic.  For  this 
reason  every  effort  has  been  made  to  rationally  treat  the  effect  of  time  on 
the  stress  distributions  of  the  viewport  and  the  yield  strength  of  the  acrylic. 
The  details  of  this  approach  are  given  in  Appendix  C  as  a  separate  topic 
because  this  treatm.ent  is  not  limited  to  viewports;  the  approach  may  be  used 
for  any  structure  utilizing  acrylic. 

Briefly,  the  approach  is  to  choose  the  "worst”  stress  distribution 
and  utilize  this  for  any  value  of  the  parameter  time,  while  the  development 
of  a  yield-stress  versus  load-duration  curve  provides  the  factor  of  time  in  the 
design  parameters.  Appendix  C  deals  with  the  concepts  in  a  straightforward 
and  rational  manner. 

Method  of  Analysis.  As  discussed  in  Appendix  C,  the  highest  stress 
concentrations  result  from  the  viscoelastic  solution  when  time  is  equal  to 
zero.  This  is  identical  to  elastic  solutions;  consequently,  elastic  solutions 
based  on  all  the  classical  assumptions  of  linear,  infinitesimal-strain,  elastic 
theory  were  assumed  and  the  solutions  were  obtained  by  the  finite  element 
program  for  an  axisymmetric  solid  written  by  Wilson.®  References  4  and  5 
verify  the  capability  of  using  a  finite  element  analysis  on  conical  acrylic 
viewports.  , 

The  sequence  of  analysis  was  as  follows:  for  each  viewport 
configuration,  the  finite  element  program  computed  the  local  state  of  stress 
at  every  element  and  the  corresponding  effective  stress  defined  as 
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where 


Og  =  effective  stress  at  an  element  per  unit  of  applied  pressure 

ff,,  02.^3  ‘  principal  stresses  at  each  element  per  unit  of  applied 
pressure 

Thus  the  relationship  for  yielding  becomes 


where 


KNOWN  BY  FINITE 
ELEMENT  SOLUTION 


KNOWN  BY  YIELD- 
STRESS  VS  TIME 
CURVES 


DESIGN 

REQUIREMENT 


the  maximum  effective  stress  of  all 
elements  with  all  the  principal  stresses 
in  compression 

or 

the  maximum  effective  stress  of  all 
elements  with  any  tension  in  .the 
principal  stresses 

material  yield  strength  in  compression  for 
a  particular  loading  duration 

or 

material  yield  strength  in  tension  for  a 
particular  loading  duration 

the  maximum  pressure  that  can  be  applied 
to  the  viewport  which  initiates  yielding  in 
any  zone  with  all  the  principal  stresses  in 
compression 

or 

the  maximum  pressure  that  can  be  applied 
to  the  viewport  which  initiates  yielding  in 
any  zone  with  tension  in  the  principal  stresses 
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The  above  format  explicitly  sets  forth  the  procedure  used  to  determine  the 
capacity  ofthe  various  viewport  geometries. 

A  further  point  of  concern  was  in  specifying  the  boundary  condition 
between  the  viewport  and  the  flange.  In  order  to  account  for  all  practical 
contingencies,  two  extreme  boundary  conditions  were  applied  to  each  view¬ 
port  configuration  as  shown  in  Figure  3:  (1 )  the  boundary  was  fixed,  repre¬ 
senting  maximum  friction  between  the  acrylic  viewport  and  its  flange;  and 
(2)  the  boundary  was  allowed  to  be  frictionless,  representing  perfectly 
smooth,  greased  interfacing.  Of  these  two  boundary  conditions,  the  one 
resulting  in  the  controlling  failure  as  outlined  above/was  chosen  as  the 
governing  boundary  condition. 

A  structural  response  discovered  during  the  course  of  the  analysis 
was  that  an  arbitrarily  high  stress  concentration  existed  in  the  element  at  the 
corner  of  the  low-pressure  face  for  all  viewport  configurations  and  boundary 
conditions.  This  phenomenon  correlated  with  experimental  findings  where 
it  was  discovered  that  the  low-pressure  face  corner  underwent  deformation 
or  "rounding”  for  even  the  smallest  load  magnitudes  {see  Figure  4). 

An  intensive  analytical  investigation,  outlined  in  Appendix  C,  revealed 
that  the  spiked  stress  concentration  was  relieved  by  deforming  the  corner  of 
the  mathematical  model  as  was  suggested  by  the  experimental  models.  Thus, 
the  viewport  geometries  considered  in  this  report  were  all  analyzed  with  a 
predeformed  corner  characterizing  an  actual  viewport  after  its  initial  loading. 

The  last  analytical  refinement  considered  was  to  investigate  the 
response  from  an  0-ring  groove  machined  in  the  acrylic.  The  analytical 
results  along  with  the  experimental  tests  are  presented  in  Appendix  A. 

Input  to  Wilson's  code®  required  material  properties  for  acrylic. 
Reference  5  describes  experimental  tests  performed  to  determine  these 
necessary  values  at  room  temperature  as:  modulus  of  elasticity,  444,000  psi; 
and  Poisson's  ratio,  0.4. 

RESULTS  AND  DISCUSSION 
Experimental 

Post-test  visual  observations  and  displacements  at  the  center  of  the 
viewport  low-pressure  face  served  as  experimental  data.  Since  the  viewports 
were  all  exposed  to  the  same  pressure  loading  and  environment,  the  cause 
of  any  post-test  effects  would  be  the  differences  in  structural  design  (all 
other  variables  considered  equal). 
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(a)  Fixed  boundary. 


<L 


II'' 

(b)  Free  boundary. 


Figure  3.  Boundary  conditions  for  finite  element  analysis. 


Post-Test  Observations.  Failure  results  on  the  six  viewports  are 
contained  in  Table  2;  From  Table  2,  it  is  shovyn  that  as  the  t/d  ratio 
decrease,  the  frequency  of  str^  crazing  and  cracks  increased.  Figures  4, 5, 
and  6  provide  a  visual  supplement  to  Table  2.  The  least  conservative  design 
Or  the  lovyest  t/d  ratio  (0.45)  is  shown  in  Figure  4:  The  resulting  cracks  and 
deformation  at  the  low-pressure  face  corner  are  clearly  shown.  There  was 
no  visible  damage  anywhere  else  on  the  viewport.  Collection  of  condensate 
around  the  low-pre^ure  face  resulted  in  an  accumulation  of  rust  on  the 
flange  which  caused  the  ragged  surface  on  the  rounded  corner  of  the  view¬ 
port. 


Table  2.  Results  of  Test  on  Full-Scale  Viewports 


t/d  Ratio 

Maximum  Width 
of  Crack  Pattern 
(in.) 

Creep  Displacement 

T  ♦  I  n  -  1  *  X 100 

Total  Displacement 

(%) 

0 

0.92 

0 

14 

1/16 

0.61 

0 

20 

3/32 

0.45 

1/16 

26 

11 


The  t/d  =  0.61  viewport  with  its  crazing  cracks  is  shown  in 
Figure  5.  These  cracks  are  much  smaller  than  the  ones  in  Figure  4  and  the 
crack  band  is  much  narrower.  The  corner  did  not  deform  as  much  as  in  the 
previous  case. 

In  the  most  conservative  design,  t/d  =  0,92,  there  were  no  cracks 
visible  anywhere.  In  fact,  the  corner  rounding  even  appeared  to  be  at  a 
minimum. 

Displacements.  Figure  7  contains  the  absolute  displacements  of  the 
three  pairs  of  experimental  viewports  which  are  presented  in  this  case  to 
provide  the  designer  with  a  good  feel  for  maximum  viewport  displacements. 
The  pressure  and  temperature  cycling  periods  are  also  shown  in  Figure  7. 
Table  2  gives  the  percentage  of  the  total  displacement  due  to  creep. 

To  simulate  a.dive,  the  pressure  was  increased  at  a  rate  of  50  psi/min, 
and  the  cooling  of  the  system  was  initiated.  It  should  be  noted  that  at  the 
operating  depth  or  highest  pressure,  the  temperature  is  the  lowest.  The  total 
time  period  for  a  typical  cycle  was  600  hours.  As  was  expected,  the  least 
conservative  design,  t/d  =  0.45,  had  the  highest  absolute  displacement 
(Figure  7)  and  the  highest  percentage  of  creep  (Table  2). 

Analytical 

Analytical  results  consist  of  pertinent  plots  and  data  extracted  from 
the  finite  element  analysis  results.  The  data  are  divided  into  two  areas: 

(1)  stresses  and  (2)  displacements.  Both  results  demonstrate  the  variations 
in  structural  response  due  tc  changes  in  the  following  parameters:  t/d  ratio, 
included  angle,  and  boundary  condition. 

Stresses.  Figures  8  through  13  include  both  a  contour  and  surface 
plot  of  the  effective  stresses  for  each  of  the  24  computer  runs;  four  t/d 
ratios,  three  included  angles,  and  two  boundary  conditions  were  used.  The 
stress  contour  plots  provide  visual  quantitative  data,  whereas,  the  surface 
plots  provide  visual  qualitative  data.  Figures  8, 9,  and  10  present  the  results 
for  the  fixed  boundary  condition,  and  Figures  1 1, 12,  and  13  preisent  the 
results  for  the  free  boundary  case.  In  all  of  the  plots,  the  stress  concentration 
is  apparent  at  the  corner  of  the  low-pressure  face.  For  either  the  fixed  or  free 
boundary  condition,  the  strength  of  the  viewport  is  seen  to  increase  with  an 
increase  in  either  the  t/d  ratio  and/or  the  included  angle.  This  agrees  with 
data  developed  in  Reference  3. 
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Two  items'of  interest  are  apparent  from  the  surface  plots:  {1 )  the 
flexural  bending  behavior  exhibited  by  the  t/d  =■-  0.25  viewports  and  the 
absence  of  bending  exhibited  by  the  t/d  ratios  of  0.75, 1 .25,  and  1 .75;  and 
(2)  the  absence  of  high  effective  stresses  at  the  high-pressure  face  corner. 
Generally  speaking,  this  latter  area  appears  to  be  in  almost  a  hydrostatic 
stress  state  which  means  that  some  structural  modification  could  be  made  in 
this  region  (refer  to  Appendix  A). 

Displacements.  Figure  14  illustrates  the  displacements  at  the  center 
of  the  low-pressure  face.  The  results  are  presented  in  nondimensional  form 
for  use  with  any  diameter  viewport.  Generally  speaking,  the  difference  in 
displacement  between  the  fixed  and  free  boundary  condition  is  the  gross 
distance  that  the  viewport  moves.  Thus,  the  60°  included  angle  viewport 
displaces  much  more  in  the  free  case,  which  causes  the  higher  effective  stress 
at  the  low-pressure  face  corner.  The  90°  and  120°  viewports  displace  less 
and  thus,  the  effective  stress  is  less.  The  transition  to  flexural  behavior  is 
evident  in  Figure  14  by  the  knee  in  the  curve  at  about  t/d  =  0.6.  Two 
additional  points  (t/d  =  0.45)  from  the  analysis  in  Appendix  A  are  included 
in  Figures  14,  15, 16,  and  17. 

Figure  14  is  also  used  in  the  Design  Recommendations  section  of  the 
report  for  calculating  elevation  of  the  viewport  in  the  flange. 

Comparison  of  Experimental  and  Analytical  Results 

Figures  15  and  16  provide  a  comparison  of  experimental  and 
analytical  results.  Figure  15  is  based  on  the  operating  pressure  and  shows 
an  excellent  comparison.  The  experimental  data  is  based  on  post-test 
observations  of  the  six  experimental  viewports,  while  the  analytical  data  is 
based  on  the  magnitude  of  the  effective  stress  at  the  low-pressure  face  corner. 
Cracks  determined  the  presence  of  failure  in  the  experimental  viewports, 
while  the  controlling  factor  in  the  analytical  analysis  was  the  pressure  required 
to  equate  effective  stress  with  yield  stress  in  the  compression-compression- 
compression  octant.  Note  that  the  free  boundary  condition  controis  for  the 
range  of  the  t/d  ratios  and  that  the  analytical  curves  were  shifted  to  the  left 
by  20%  in  accordance  with  the  low  temperature.^-''  ° Although  the  35°F  sea 
water  is  on  the  high-pressure  face,  it  is  a  fair  assumption  that  the  steel  flange 
has  a  low-temperature-gradient  throughout  and  thus,  provides  a  35°F  inter¬ 
face  with  the  viewport. 
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Figure  8.  Effective  stress  contour  and  surface  plots  for  60°  angle  and  fixed  boundary  condition 
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Figure  16  compares  the  instantaneous  di^Iacements  at  the  center  of 
the  low-pressure  face  for  both  the  experimental  and  analytical  work.  The 
two  analytical  cases  (fixed  and  free)  successfully  bracketed  the  experimental 
results.  The  smooth  surface  finish  of  32  rms  on  the  viewport  flanges,  in 
combination  with  the  liberal  use  of  silicone  grease  at  the  viewport-flange 
interface,  resulted  in  the  experimental  displacements  approaching  the  analy¬ 
tical  free  boundary  condition. 
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Figure  16.  Comparison  of  experimental  and  analytical  displacements. 


Discussion 

When  comparing  the  design  curves  in  this  report  with  those  in 
Reference  2,  one  notices  a  distinct  difference.  The  curves  in  Reference  2, 
based  on  ultimate  strength  tests,  indicate  an  exponential  increase  of  strength 
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with  respect  to  increase?s  in  the  t/d  ratio.  This  is  understandable  because  the 
strength  is  based  solely  on  physically  forcing  the  material  through  the  flange 
opening.  Ultimate  strength  tests  give  an.Indication  of  the  catastrophic  load 
but  do  not  Indicate  at  what  pressure  the  viewport  fails  to  fulfill  its  function 
of  providing  visibility. 

The  design  curves  In  this  report,  however,  are  based  on  the  visibility 
aspect  of  the  viewports  and  show  that  the  operating  pressure  or  depth  is 
limited  by  the  yield  strength  of  the  material.  As  exhibited  by  Figures  8 
through  13,  the  peak  effective  stress  asymptotically  approaches  a  finite 
maximum  value  as  the  t/d  ratio  is  increased. 

No  extensive  creep  data  exist  at  temperatures  other  than  room 
temperature.  One  can,  however,  get  a  comparison  between  35  and-70°F 
tests  cn  viewports  by  comparing  experimental  displacement  results  of 
the  t/d  =  0.45  viewport  in  the  main  test,  and  the  t/d  =  0.45  viewport  with 
0-ring  in  Appendix  A.  The  displacement  at  70°F  with  a  time  period  of 
500  hours  was  7%  greater  than  the  displacement  at  35°F  for  the  same  length 
of  time,  and  after  4,800  hours  the  displacement  was  20%  greater. 

Figure  17  together  with  Table  3  compare  the  analytical  results  of 
this  study  with  the  present  viewport  designs  in  operational  submersibles.  A 
load  duration  time  of  24  hours  was  chosen  to  include  the  emergency  time 
of  an  average  vehicle.  From  Figure  17  it  appears  that  many  of  the  present 
designs  are  conservative,  which  was  probably  due  to  lack  of  structural  analysis 
at  the  time  of  design. 


FINDINGS 

Within  the  scope  of  this  investigation,  the  following  findings  appear 
to  be  valid’ 

1.  Based  on  both  experimental  and  analytical  results,  the  strength  of  a 
viewport  increases  with  an  increase  in  either  the  t/d  ratio  and/or  the  included 
angle  for  limits  of  0.25  to  1 .75  and  60°  to  120°,  respectively. 

2.  The  maximum  effective  stress  for  a  tensile  region  always  occurs  at  the 
center  of  the  low-pressure  face  with  a  fixed  boundary  condition. 

3.  The  maximum  effective  stress  for  a  compressive  region  always  occurs  at 
the  corner  of  the  low-pressure  face  with  a  free  boundary  condition. 
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Operating  Presxure 


Thickness/Minor  Diameter  Ratio,  t/d 

Figure  17.  Comparison  of  analytical  results  and  operational  designs. 


Table  3.  Submersible  Viewport  Designs  in  Figure  17 
(Extract  from  Reference  2.) 


Identification  Number 

Submersible  Name 

Operating  Depth  (ft) 

1 

ALUMINAUT 

15,000 

2 

ALVIN 

6,000 

3 

ASHERAH 

600 

4 

BEN  FRANKLIN 

2,000 

5 

DEEP  JEEP 

2,000 

6 

DEEP  QUEST 

8,000 

7 

DEEPSTAR  2000 

2,000 

8 

DEEPSTAP  4000 

4,000 

9 

DIVING  SAUCER 

1,000 

10 

DOWB 

6,500 

11 

DSRV 

5,000 

12 

PAULO  1 

600 

13 

PISCES  IV 

6,500 

14 

ROUGHNECK 

2,000 

15 

SEA  CLIFF 

6,500 

16 

STAR  III 

2,000 

17 

SURV 

1,000 

18 

TURTLE 

6,500 

26 
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4-  In  the  actual  viewport,  a  sharply  spiked  stress  concentration  exists  at  the 
low-pressure  face  corner  which  results  in  rounding  of  the  sharp  corner. 

5.  The  transition  to  the  dominance  of  flexural  bending  behavior  occurs  at 
about  i/d  =  0.6. 

6.  The  stress  distribution  for  conical  frustums  is  independent  of  elastic 
modulus  and  only  slightly  dependent  on  Poisson's  ratio,  thus,  the  structural 
design  curves  are  generally  applicable  to  materials  other  than  acrylic. 

7.  A  conventional  0-ring  design  with  the  groove. located  in  the  viewport 
conical  face  satisfactorily  fulfills  the  requirements  for  viewport  sealing 
{Appendix  A). 


DESIGN  RECOMMENDATIONS 

The  purpose  of  this  section  is  to  provide  the  designer  with  the 
necessary  information  to  design  a  vehicle  viewport  accurately,  quickly,  and 
safely.  The  type  of  analysis  used  in  this  section  was  experimentally  verified 
as  previously  described. 

In  order  to  design  a  conical  acrylic  vehicle  viewport,  the  designer 
must  have  available  such  information  as.  t/d  ratio,  included  angle,  elevation 
of  viewport  in  flange,  method  of  sealing,  and  flange  surface  finish.  The 
design  requirements  would,  of  course,  include  the  operating  pressure,  ambient 
temperature,  and  maximum  length  of  dive. 

This  section  of  the  report  deals  with  de.«:'gn  curves  for  viewport 
dimensions  and  recommendations  for  elevation  of  viewport  in  flange.  Design 
recommendations  for  the  flange  surface  finish  are  in  Reference  5,  and  an 
analysis  of  the  viewport  sealing  problem  is  in  .Appendix  A  of  this  report. 
Annealing  instructions  for  the  viewport  may  be  found  in  Appendix  B  or 
Reference  1 1 . 

Design  Curves 

Material.  Figure  18  represents  the  material  facet  of  the  design  or 
the  relationship  between  the  yield  stress  of  acrylic  and  time.  A  more  detailed 
discussion  of  the  origin  of  these  curves  is  presented  in  Appendix  C.  The 
figure  contains  both  tensile  and  compressive  curves.  The  yield  strengths  can 
be  seen  to  reduce  to  about  50%  of  the  instantaneous  value  after  500  hours. 
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These  curves  are  only  for  room  temperature,  but  a  temperature  of 
35°F  will  increase  the  yield  strength  by  about  20%  according  to. References 
4  and  10.  The.strength  is,  of  course,  much  lower  with  a  higher  tempe.rature 
and,  therefore,  temperatures  considerably  above  room  temperature  should 
be  avoided. 

Figure  18  is  used  concomitantly  with  Figure  19  for  calculating  design 
strength. 

Structure.  Figure  19  represents  the  structural  facet  of  the  design. 

The  curves  include  the  parameters:  t/d  ratio,  included  angle,  safety  factor, 
yield  stress,  and  operating  pressure.  The  t/d  ratios  range  from  0.25  to  1.75 
while  the  included  angles  range  from  60°  to  120°.' 

The  curves  are  based  on  a  finite  element  stress  analysis.  With  four 
t/d  ratios,  three  included  angles,  and  two  boundary  conditions  (fixed  and 
free),  there  were  a  total  of  24  computer  runs. 

Figure  19a  represents  the  maximum  effective  stress  in  the 
compression-compression-compression  octant  and  the  worst  of  the  tv/o 
boundary  conditions,  the  free  case.  This  point  always  occurred  at  the  low- 
pressure  face  corner  for  the  complete  range  of  t/d  ratios  and  angles.  This  is 
attributed  to  the  plugging  action  creating  a  higher  effective  stress  at  this 
point. 


Time  of  Load  Duration,  T  (hr) 


Figure  18.  Yield  stress-time  curves  for  acrylic  plastic. 
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(Pressure)(Safety  Factor)/Yield  Stress  Ratio.  (PressureXSafety  Factor)/Yield  Stress  Ratio.-l£**?'*^-. 


Thickness/Minor  Diameter  Ratio,  t/d 
(b)  Tensile  region. 

Figure  19.  Design  curves  for  conical  acrylic  viewports. 
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Figure  19b  represents  the  maximum  effective  stress  in  the 
tension-tension  quadrant  due  to  the  worst  boundary  condition,  the  fixed 
case.  This  point  always, occurred  at  the  center  of  the  low-pressure  face  for 
the  complete  range  of  the  variables.  The  fixed  boundary  case  was  the  worst 
due  to  the  increase  in  flexural  bending. 

Example 


To  indicate  how  the  design  curves  may  be  used,  a  hypothetical  case 
is  considered.  Suppose  the  design  requirements  are  as  follows: 

Maximum  operating  pressure  =  2,000  psi 
Maximum  temperature  =  70OF 
Safety  factor  =  1.5 
Length  of  dive*  =  100  hours 
Included  angle  =  90° 

Minor  diameter  =  large  as  possible 

To  properly  design  this  viewport,  the  first  step  is  to  find  out  what  t/d  ratio 
is  necessary.  From  Figure  18  with  an  abscissa  value  of  100  hours,  the  follow¬ 
ing  results  are  obtained: 

compressive  yield  stress  =  6,000 
tensile  yield  stress  =  3,000 

Proceeding  to  Figures  19a  and  19b, and  calculating  the  ordinate  value  for 
each  curve 

(p)(S.F.)  (2,000)  (1.5) 

compressive  - -  — - =  0.5 

6,000 


MiS£l.(aW6U,o 

0^  3,000 


Using  the  above  ordinate  values,  the  following  t/d  ratios  were  taken  off 
the  abscissa: 

from  Figure  19a  t/d  =  0.58 
from  Figure  19b  t/d  =  0.34 


*  This  assumes  that  there  is  adequate  relaxation  time  between  dives. 
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To  safely  withstand  the  operating  requirements,  a  t/d  ratio  of  0  58 
or  larger  would  fas  used.  Since  the  minor  diameter  is  to  be  as  large  as 
possible  and  commercial  acrylic  sheets  come  in  thicknesses  up  to  4  inches 

t/d  «  0.58 


t  _  4 
0.58  0.58 


6.9  inches 


The  largest  minor  diameter  ww'd  be  6.9  inches. 

The  elevation,  h,  {nee  P  gura  2)  of  the  viewport  in  the  flange  is 
another  important  aspect  of  the  total  viewport  design.  Using  a  t/d  ratio 
of  0.58  on  the  abscissa  of  Figure  14,  a  value  for  the  ordinate  is  obtained 


from  Figure  14 
(free  boundary) 


=  0.0021  inch  per  1,000  psi 
d 


It  is  recommended  by  the  authors  that  the  viewport  be  elevated  five 
times  the  analytical  (free  case)  displacement 


(6.9)  (2,000)=  0.145  inch 


For  safe  operation  of  the  viewport,  a  minimum  elevation  of  0.15  inch 
should  be  used  in  this  particular  design  to  insure  adequate  distance  to  the 
end  of  the  conical  surface,  again  recognizing  the  fact  that  any  significant 
elevation  above  this  achieves  nothing  (stress  distribution  remains  the  same) 
and,  in  fact,  only  adds  additional  flange  material  (i.e.,  weight)  to  the  vehicle. 

Figure  19  provides  for  the  use  of  a  safety  factor  in  designing  conical 
viewports.  Safety  factors  are  utilized  when  a  designer  cannot  control  all  of 
the  many  extraneous  variables  during  fabrication  and  service  that  might 
affect  his  original  design.  In  view  of  the  in-depth  research  for  both  the 
structure  and  the  material  properties  contained  in  this  report,  and  the 
reproducibility  of  commercial  Plexiglas,  the  authors  feel  that  a  safety  factor 
of  1 .5  is  more  than  adequa*  if  ail  other  design  recommendations  contained 
herein  are  followed. 
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Appendix  A 


INVESTIGATION  OF  A  VIEWPORT  SEAL  DESIGN 


INTRODUCTION 

A  necessary,  although  oftentimes  neglected,  function  of  a  viewport 
design  is  that  of  maintaining  waterproof  integrity  at  all  times.  Even  very 
small  leaks  would  be  detrimental  in  a  habitat  (long  term  submergence) 
because  of  the  large  accumulation  over  a  long  length  of  time,  not  to  mention 
the  psychological  effects  on  the  occupants.  Waterproof  integrity  is  accom¬ 
plished  by  a  viewport  seal  system  which  must  function  in  two  environments: 
(1 )  at  the  surface  both  before  and  after  dives  {low  pressure),  and  (2)  at  the 
operating  depth  (high  pressure). 

The  objective  of  this  appendix  is  to  (1 )  review  and  evaluate  existing 
methods  of  sealing  submersible  (short  term  submergence)  viewports,  but 
with  regard  to  the  additional  habitat  functional  requirements,  and  (2) 
investigate  both  experimentally  and  analytically  the  most  promising  of  the 
designs. 


BACKGROUND 

To  provide  waterproof  integrity,  the  first  viewport  seal  designs 
relied  on  a  lapped-joint  seal  between  the  viewport  and  flange  as  shown  in 
Figure  A-1a.  Achievement  of  the  seal  is  by  80  to  90%  contact  surface  area, 
which  requires  surface  finishes  in  the  8  to  32  rms  range.  This  design  main¬ 
tained  a  seal  at  the  lapped  joint  for  both  low-pressure  and  high-pressure 
sealing.  Sometimes  a  flat  gasket  is  used  for  padding  between  the  retainer 
ring  and  viewport. 

The  next  design  was  the  gasket  seal  as  shown  in  Figure  A-1  b.  This 
particular  design  relied  on  a  gasket  located  at  the  perimeter  of  the  high- 
pressure  face  for  low-pressure  sealing  and  on  the  lapped  joint  for  high-pressure 
sealing. 

A  similar  design,  as  shown  in  Figure  A-lc,  had  anO-ring  located  at 
the  corner  of  the  viewport  high-pressure  face.  Here  again  the  low-pressure 
sealing  was  accomplished  by  theO-ring  and  the  high-pressure  sealing  by  the 
lapped  joint. 

The  design  shown  in  Figure  A-ld  is  currently  being  used  for 
submersibles.  Here  both  high-pressure  and  low-pressure  sealing  is  accom¬ 
plished  by  theO-ring  seal. 
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(a)  Lapped-joint  seal. 


(b)  Gasket  seal. 


(c)  0-ring  seal  no.  1. 


(d)  O-ring  seal  no.  2. 


Figure  A-1 .  Current  viewport  seal  designs. 


Submersible  designs  are  not  necessarily  acceptable  for  habitat  designs 
because  of  the  more  stringent  functional  requirement  due  to  creep.  It  would, 
therefore,  be  worthwhileJnvestigating  a  new  seal  design  which  would  meet 
the  requirements  and  still  reduce  cost  without  compromising  the  structural 
integrity  of  the  viewport.  A  new  design  or  variation  of  the  seal  in  Figure  A-ld 
is  shown  in  Figure  A-2;  It  is  a  conventional  circular 0-ring  In  a  rectangular 
groove  located  on  the  conical  face  of  the  viewport.  Note  that  all  five  designs 
discussed  require, retainer  rings. 


O-ring  seal  no.  3 


0-ring  -  Parker  2  •  457,  N-183-9 
nitrile  (Buna  N) 
BOdurcmeter 

Note  >  After  machining,  anneal  at 
175®F  for  22  hours;  cool  at 
5°F  per  hour. 


0.226 


Figure  A-2.  Recommended  viewport  seal  design. 


COMPARISON  OF  DESIGNS 

The  five  seal  designs  described  may  be  compared  in  three  different 
areas:  (1)  operation,  (2)  economy,  and  (3)  structure. 

Operation 

Functional  requirements  for  viewport  seal  systems  include  sealing 
under  all  conditions.  As  previously  observed  in  the  main  body  of  this  report, 
creep  occurs  in  the  viewport  after  a  long  term  submergence.  Even  after 
returning  to  the  surface,  the  viewport  does  not  immediately  return  to  its 
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original  position.  Therefore,  the  first  three  seal  designs,  a,  b,  and  c,  in 
Figure  A-1,  would  find  it  difficult  to  efficiently  sea!  after  the  habitat  surfaces. 
Neither  the  retainer  r-ng,  gasket,  nor  0-ring  seal  no.  1,  respectively,  would  be 
able  to  follow  the  creep  displacement  of  the  viewport;  the  necessary  co.mpres- 
sion  of.  the  components  for  sealing  would  be  lost  These  designs  function 
perfectly  for  submersibles  because  their  dive  times  are  short,  thus  minimizing 
the  effects  of  creep. 

0-ring  seal  no.  2  and  0-ring  seal  no.  3  are  both  able  to  follow  the 
displacement  of  the  viewport  and  to  maintain  the  seal.  A  compressible 
gasket  might  be  employed  at  the  retainer  ring-viewport  Interface,  not  as  a 
seal,  but  as  a  spring  to  maintain  pressure  on  the  viewport  for  low-pressure 
sealing.  Operationally,  an  0-ring  that  is  stretched  around  the  viewport 
(0-ring  seal  no.  3)  is  much  easier  to  work  with  than  the  reverse  (O-ring  seal 
no.  2).  The  design  in  Figure  A-2  appears  to  exhibit  operational  advantages 
over  the  other  four  designs. 

The  success  of  such  a  seal  system  (Figure  A-2)  has  already  been 
proven  under  long  term  tests  in  the  ocean.  Jenkins  and  Reinhart’^  tested 
such  a  design,  a  conventional  O-ring  seal  in  an  angular  flange,  for  189  days 
at  a  depth  of  5,900  feet  in  the  Pacific  Ocean.  The  O-ring  gland  materials 
were  carbon  steel,  aluminum,  and  clad  steel.  The  O-ring  material  was  nitrile 
(Buna  N)  with  a  hardness  of  90  Shore  .A  durometer.  The  lubrication  was 
petroleum  based,  although  a  silicone  grease  is  recommended  to  preclude  any 
deleterious  effect  on  the  acrylic.  Results  of  the  tests  indicated:  (1 )  no 
deterioration  of  the  O-ring  material,  (2)  no  significant  change  in  O-ring  hard¬ 
ness  or  resilience,  (3)  no  significant  amount  of  water  absorption  by  the 
O-ring,  and  (4)  no  leakage  past  the  seal  system. 

Economy 

The  total  cost  of  a  viewport  assembly  could  be  reduced  if  an  O-ring 
seal  was  used  rather  than  a  lapped-joint  seal.  Lapped-joint  seals  are  extremely 
expensive  due  to:  (1 )  manual  lapping  of  viewport,  (2)  tight  tolerances  on 
dimensions,  (3)  additional  machining  for  smooth  surface  finishes,  and  (4) 
absence  of  interchangeability  of  viewports.  Even  for  low-pressure  sealing, 
seal  systems  a,  b,  and  c  in  Figure  A-1  require  tight  tolerances  to  insure  that 
the  viewport  seats  at  the  correct  level  in  the  flange. 

'  O-ring  seals  no.  2  and  no.  3  on  the  other  hand,  can  seal  anywhere  on 
the  faying  surfaces  so  the  tolerances  need  not  be  so  tight.  Between  the  two 
designs,  no.  2  and  no.  3,  the  latter  appears  to  be  the  more  economical.  In 
initial  fabrication,  it  would  be  more  economical  to  cut  the  groove  in  the 
easily  machined  acrylic.  Also,  if  the  flange  is  to  be  clad  for  corrosion  pur¬ 
poses,  the  process  is  more  economical  if  it  is  not  necessary  to  contend  with 


35 


an  0-ring  groove.  Since  the  flange  is  usually  welded  to  the  steel  pressure  hull., 
it  would  be  cheaper  to  replace  a  damaged  0-ring  groove  in  the  viewport  as 
oppos^  to  a  damaged  one  in  the  flange. 

Structure 

With  the  design  in  Figure  A-2  exhibiting  advantages  both  operationally 
and  economically,  it  remains  only  a  question  of  whether  the  viewport  can 
structurally  withstand  the  stress  concentration  due  to  the  presence  of  the 
0-ring  groove.  The  earlier  seal  designs  in  Figure  A-1  did  not  structurally 
affect  the  viewport.  Designers  probably  did  not  use  the  design  in  Figure  A-2 
because  of  the  unknown  effects  of  the  stress  concentration;  there  was  no 
thorough  stress  analysis  until  Reference  5  was  completed. 

The  possibility  does  exist  with  0-ring  seal  no.  2  in  Figure  A-1,  that 
the  softer  acrylic  will  creep  down  into  the  0-ring  groove  in  the  flange  and 
cause  an  extremely  high  stress  concentration  that  could  be  catastrophic  with 
long  term  loading. 

The  0-ring  groove  in  the  viewport  seal  design  of  Figure  A-2  was 
located  near  the  high-pressure  face  because  the  results  discussed  in  the  main 
text  of  this  report  indicated  that  the  stress  distribution  was  nearly  hydro¬ 
static  in  this  area.  The  rest  of  this  appendix  is  concerned  only  with  the 
design  in  Figure  A-2  and  the  structural  response  of  the  viewport  to  the 
presence  of  the  0-ring  groove. 


SCOPE  OF  INVESTIGATION 

To  thoroughly  determine  the  structural  effect  of  the  groove  on  the 
viewport,  both  an  experimental  and  analytical  phase  were  conducted  on  the 
design  shown  in  Figure  A-2. 

Experimental  Phase 

The  viewport  used  to  test  the  0-ring  design  was  very  similar  to  the 
t/d  =  0.45  viewports  used  in  the  main  text  and  is  shown  in  Figure  A-3.  The 
temperature  during  the  test  was  maintained  between  65  and  75°F  because 
this  would  impose  a  more  severe  test  than  a  lower  temperature.  While  the 
pressure  was  held  at  4,000  psi,  the  displacements  at  the  center  of  the  low- 
pressure  face  were  recorded  until  the  displacements  became  asymptotic 
within  the  measurement  accuracy.  The  machining  procedure,  pressure  vessel 
type,  and  testing  procedures  are  all  discussed  in  Appendix  B. 


Analytical  Phase 


The  viewport  was  simulated  using  the  finite  element  method  to  obtain 
effective  stress  values  at  critical  points  for  later  analysis.  The  mesh  contained 
664  nodal  points  and-SIO  elements.  Both  the  free  and  fixed  boundary  con¬ 
ditions  were  used  in  this  analysis. 


RESULTS 

Experimental 

The  viewport  with  theO-ring  was  loaded  at  4,000  psi  for  a  total  time 
of  200  days  before  the  creep  leveled  off.  Post-test  observations,  as  shown 
in  Figure  A-3,  indicated  rounding  of  the  corner  and  presence  of  cracks. 
Inspection  of  theO-ring  groove,  however,  found  no  crazing  or  cracks  whatso¬ 
ever.  Figure  A-4  presents  the  absolute  displacement  at  the  center  of  the 
low-pressure  face  versus  time  in  days.  Creep  accounted  for  35%  of  the  total 
displacement  at  200  days.  Even  with  this  much  displacement  theO-ring 
did  seal  when  the  dive  was  completed  and  the  viewport  was  relaxing. 


Time,  T  (days) 

Figure  A-4.  Displacement  response  of  viewport  with  recommended  seal  design. 
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Analytical 

Figure  A-5  shows  the  resulting  contour  plot  of  effective  stresses  for 
the  viewport  with  the  0-ring.  Two  stress  concentrations  are  clearly  found: 
(1)  at  the  low-pressure  face  corner,  and  (2)  at  the  0-ring  groove.  Table  A-1 
summarizes  the  data  at  the  critical  locations  and  indicates  that  the  maximum 
effective  stress  value  around  the  0-ring  groove  is  only  about  one-half  that  at 
the  low-pressure  face  corner.  The  boundary  condition  essentially  created  no 
difference  in  the  stresses  around  the  0-ring  groove. 
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Figure  A-5.  Effective  stress  contour  plot  for  90°  angle  and  free  boundary 
condition  with  0-ring  groove. 


Table  A-1.  Effective  Stress,  for  Viewport  With  0-Ring  Groove 


Location 

Boundary  Condition 

Fixed 

Free 

Maximum  at  0-ring  groove 
(compressive) 

1.15 

1.41 

Center  of  low-pressure 

0.728 

no  tensile 

face  (max  tension) 

stresses 

Low-pressure  face 
come.'  (max  compressive) 

2.51 

2.58 
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DISCUSSION 


The  experimental  results  and  the  analytical  results  had  excellent 
agreement.  Even  when  the  viewport  failed  at  the  low-pressure  face  corner, 
there  was  no  failure  at  the 0-ring  groove.  The  design  recommendations 
(Figures  18  and  19a)  of  this  report  predicted  failure  for  this  viewport  and. 
as  shown  in  Figure  A-3,  failure  occurred. 

It  might  also  be  interesting  to  note  the  flexural  behavior  of  this 
viewport  as  shov/n  in  Table  A-1 .  For  the  free  boundary  condition,  no  tensile 
stresses  appeared  at  the  center  of  the  low-pressure  face  as  they  did  for  the 
fixed  boundary  case. 

Although  minimum  research  time  negated  any  investigation  of 
mesh-size  influence  on  theO-ring  groove,  the  results  were  in  agreement  with 
the  experimental  results.  Also,  the  analytical  simulation  of  the  groove  was 
a  worst  case  solution.  This  means  there  was  no  rounding  of  the  corners  in 
the  simulated  model  while  in  the  experimental  case  the  corners  had  a  1/8-inch 
radius. 


FINDING 

A  conventional  0-ring  design  with  the  groove  located  in  the  conical 
face  of  the  viewport  (Figure  A-2)  satisfactorily  fulfills  the  requirements  for 
viewport  sealing  in  three  ways:  operationally,  economically,  and  structurally. 


Appendix  B 


EQUIPMENT  AND  PROCEDURE  FOR 
EXPERIMENTAL  PHASE 


INTRODUCTION 

Information  relative  to  the  design  and  operation  of  equipment  for 
the  simulated  operational  tests  on  fuil-scale  viewports  is  contained  in  this 
appendix.  The  testing  requirements  were  as  follows; 

1 .  Test  at  least  three  sizes  of  full-scale  viewports 

2.  Pressure  range,  0  to  4,000  psi 

3.  Temperature  range,  35°  to  70°F 

4.  Test  time,  1  year 

5.  Cycling  to  simulate  dives  of  an  undersea  vehicle 

Due  to  the  size  of  the  viewports  and  the  length  of  time  of  the  tests,  a 
decision  was  made  to  design  pressure  vessels  and  a  refrigeration  system 
specifically  for  these  tests.  As  a  result,  pressure  vessels  with  other  capabili¬ 
ties  would  not  be  tied  up  for  a  year. 


HIGH  PRESSURE  SYSTEM 
Pressure  Vessels 

The  pressure  vessel  design  was  as  shown  in  Figure  B-1 .  This 
particular  design  yielded  the  following  advantages: 

1 .  Efficiency — each  vessel  tested  two  viewports  at  one  time. 

2.  Safety — low  volume  of  fluid  to  negate  "bomb”  danger. 

3.  Economy — materials  and  fabrication  costs  were  low. 

4.  Ease  of  operation — simplicity  and  compactness  of  design  allows 
ease  in  pressure  and  temperature  cycling. 

5.  True  simulation — low-pressure  face  exposed  to  constant  room 
temperature  while  high-pressure  face  exposed  to  simulated 
cycling  of  temperature  and  pressure. 
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There  were  two  possible  disadvantages  to  the  design.  (1 )  opening  and  closing 
of  a  vessel  was  time  consuming  and  (2)  the  0-ring  extruded  when  operated 
to  any  reasonable  pressure  and  required  replacement  after  each  test.  These 
disadvantages  are  not  severe  because  the  system  is  for  long  term  operation, 
not  day-to-day  operation.  A  typical  pressure  vessel  consisted  of  two  32-inch- 
diameter  steel  flanges  as  shown  in  Figure  B-1  The  conical  surtaces  of  the 
flanges  were  machined  to  a  32  rms  finish.  The  three  vessels  had  through-hole 
nominal  diameters  of  4,  6,  and  8  inches. 


Figure  B-1.  Typical  pressure  vessel  flanges  with  an  8-inch  minor  diarrieter  viewport. 
High-Pressure  Pump 

The  high-pressure  pump  was  an  air-driven  double-acting  piston  type 
lated  for  20,000  psi  Tubing  made  of  1/4-inch  diameter,  316  stainless  steel 
connected  the  pump  to  the  accumulator 

Accumulator 

Tne  air/water  accumulator  provided  a  means  of  storing  energy  in  the 
high-pressure  system  to  maintain  a  constant  pressure  m  the  vessels  The 
vessels  were  all  connected  to  a  common  manifold,  thus,  pressure  cycling 
was  identical  for  all  three  vessels 


REFRIGERATION  SYSTEM 


A  refrigeration  system  was  necessary  in  this  study  to  aid  in  simulating 
actual  environmental  conditions.  Located  on  the  pressure  vessels  were  Plate- 
Coil  heat  transfer  units  as  shown  in  Figure  B-2a.  The  single,  emboised  units 
were  rolled  to  the  vessel  diameter  to  insure  adequate  heat  transfer  between 
the  vessels  and  the  units.  Two  units  which  were  connected  together  by  a 
jumper  hose  were  necessary  for  one  vessel.  A  heat  transfer  cement,  Thermon 
T-3,  was  used  between  the  vessel  and  heat  transfer  units  to  increase  the  over¬ 
all  heat  transfer  coefficient.  Sheets  of  an  elastomeric  insulation,  Armaflex, 
were  used  on  top  of  the  heat  transfer  units  as  shown  in  Figure  B-2b.  Glycol 
brine  was  circulated  through  the  refrigeration  system.  Cooling  was  provided 
by  a  5-ton-capacity  air-cooled  chiller.  Temperature  measurements  were 
taken  at  both  the  inlet  and  outlet  of  the  chiller. 


INSTRUMENTATION  SYSTEM 

Dial  indicators,  as  shown  in  Figure  B-S,  were  utilized  on  each  of  the 
six  viewport  faces  to  measure  absolute  displacement  of  the  center  of  the 
face  with  respect  to  the  pressure  vessel.  Lufkin  dial  indicators  with  gradua¬ 
tions  of  0.001  inch  were  used.  The  averages  of  the  displacement  readings 
for  the  three  pairs  of  viewports  in  the  pressure  vessels  were  calculated  and 
are  presented  in  Figure  7  of  this  report. 

Pressure  gages  with  a  range  of  5,000  psi  were  the  high-pressure 
measuring  system,  while  a  50-psi  gage  was  used  on  the  no-load  part  of  the 
cycle.  Here  it  was  necessary  to  maintain  a  1  to  5-psi  load  to  keep  the  view¬ 
port  in  position. 


VIEWPORTS 


The  seven  viewports  in  this  study  (including  one  used  in  theO-ring 
test)  were  machined  from  a  4-foot  by  5-foot  by  4-inch  cast  sheet  of 
Plexiglas  G  acrylic  plastic.  The  viewports  were  rough  machined  and  then 
annealed  in  accordance  with  the  manufacturer's  recommendations^  ^ 
as  follows: 


Section 

Thickness 

(in.) 


Annealing 

Temp 

(OF) 


Time 

(hr) 


Cooling 

Rate 

(Op/hr) 


4 


175  22  5 
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(a)  Heat  transfer  units  installed  on  pressure  vessel. 


(b)  Pressure  vessel  with  installed  insulation. 


Figure  B-2.  Typical  pressure  vessel  with  refrigeration  system. 


upon  completion  of  initial  anneal,  the  viewports  were  machined  to  final 
dimensions  and  annealed  again.  The  viewports  were  polished  to  an  optical 
finish  before  testing  to  facilitate  post-test  obsen/ations  of  possible  cracks. 


Figure  B-3.  Experimental  lest  setup. 

All  minor  diameters  of  the  viewports  were  designed  larger  than  the 
penetrations  in  the  pressure  vessel  to  elevate  the  viewport  in  its  seat  in  order 
to  avoid  the  stress  concentration  at  the  break  of  the  conical  surface. 

Because  the  test  occurred  over  such  a  length  of  time,  it  was  necessary 
to  insure  accuracy  of  results.  Therefore,  two  viewports  of  the  same  dimen¬ 
sions  ware  tested  at  the  same  time  to  provide  redundancy  to  the  test. 


TEST  PROCEDURE 

The  conical  surfaces  of  the  viewports  were  first  coated  with  Dow 
Corning  No.  4  silicone  grease,  a  lubricant  which  will  not  attack  the  acrylic 
plastic.  After  the  six  viewports  were  placed  in  the  three  vessels,  the  vessels 
were  filled  with  tap  water.  Initially,  the  pressure  was  raised  to  2,000  psi  and 
quickly  returned  to  0  psi.  This  procedure  seated  the  viewports,  squeezed  out 
a  majority  of  the  excess  grease,  and  allowed  the  dial  indicators  to  be  zeroed. 
Subsequently,  the  pressure  and  temperature  were  changed  simultaneously 
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from  0  to  4,000  psi  and  70  to  35°F,  respectively.  This  portion  of  the 
cycle  represented  the  dive  of  the  vehicle.  Upon  completing  the  desired 
loading  time  of  500  hours,  the  pressure  and  temperature  were  simultaneously 
changed  from  4,000  to  0  psi  and  35  to  70°F,  respectively. 

The  displacements  at  the  center  of  the  low-pressure  face  were  taken 
twice  a  day  except  for  weekends  and  holidays.  The  morning  and  the  after¬ 
noon  were  chosen  for  the  displacement  recordings  because  the  minimum  and 
maximum  pressures  for  each  working  day  corresponded  with  the  minimum 
and  maximum  temperature  fluctuations  for  the  24  hours  of  the  day. 
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Appendix  C 


FAILURE  CRITERION  APPLIED  TO  CONICAL 
ACRYLIC  VIEWPORTS 


A  FAILURE  CRITERION 

This  appendix  outlines  the  development  of  a  rational  yield-failure 
theory  utilized  in  the  design  guidelines  of  this  report. 

In  keeping  with  the  yield-failure  definition  set  forth  in  this  report, 
two  entities  must  be  completely  described.  First,  the  location  and  relative 
magnitude  of  the  maximum  effective  stress,  a^,  must  be  evaluated;  and 
second,  the  material  yield  strength,  a^,  must  be  determined.  Unfortunately, 
acrylic  exhibits  time  dependency,  consequently,  both  of  the  above  entities 
are  functions  of  time,  i.e.,  loading  history.  Because  of  the  infinite  variety 
of  possible  loading  histories,  the  general  design  procedure  would  be  to  choose 
the  most  unfavorable  loading  history  to  account  for  all  other  less  severe  cases. 

For  the  special  case  of  acrylic  viewports,  the  most  detrimental  loading 
history  would  be  represented  by  a  step  loading  raised  immediately  to  maximum 
operational  depth  and  held  there  for  the  given  duration.  Moreover,  if  acrylic 
was  purely  viscoelastic,  the  stress  distribution  in  the  viewport  at  time  T  =  0"^, 
is  identical  to  the  distribution  resulting  from  an  elastic  analysis  and  represents 
the  most  unfavorable  distribution  in  terms  of  the  high  magnitudes  and  stress 
concentrations.  As  time  progresses,  stress  relaxation  occurs  relieving  and 
redistributing  high  stress  concentrations.  Thus,  in  terms  of  the  viscoelastic 
behavior,  the  elastic  solution  (T  =  C*")  may  be  conservatively  used  to  deter¬ 
mine  the  maximum  stress  concentrations  and  assume  these  magnitudes 
constant  with  time  rather  than  decreasing.  Actually,  the  conservative  assump¬ 
tion  of  constant  viewport  stresses  is  quite  accurate  due  to  the  phenomenon 
that  the  elastic  stresses  of  conical  frustums  are  independent  of  Young's 
modulus  and  only  slightly  dependent  on  Poisson's  ratio.  Hence,  in  view  of 
the  correspondence  principle,  which  relates  elastic  and  viscoelastic  solutions, 
time  would  have  very  little  effect  on  the  viscoelastic  stresses.  In  light  of  the 
above,  one  can  rationally  accept  the  stresses  resulting  from  an  elastic 
analysis  (approximated  by  the  finite  element  technique)  as  the  governing 
stresses  throughout  the  loading  duration,  providing  there  is  adequate 
recovery  time  between  loadings. 
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The  effect  of  time  on  the  material  yield  stress,  a^,  which  has  been 
observed  to  decrease  as  loading  time  progressesds  next  considered  A 
graphical  relationship  of  this  is  presented  in  Figure  18  in  the  Design  Recom¬ 
mendation  portion  of  this  report.  At  this  point,  a  qualitative  outline  is 
presented,  illustrating  the  origination  of  the  graph. 

Consider  the  typical  creep  data  sho\wn  in  a  of  Figure  C-1  where  each 
curve  represents  the  strain-time  relation  for  a  given  level  of  stress.  If  a  parti¬ 
cular  time,  T,.  is  selected  and  corresponding  values  of  stress  and  strain  are 
plotted  as  shown  in  b  of  Figure  C-1,  an  isochronous  stress-strain  relationship 
results.  Because  time  has  been  held  constant,  any  curvature  in  the  stress- 
strain  relation  is  due  to  either  yielding  or  nonlinearity  of  the  material. 

Curvature  arising  solely  from  nonlinearity  does  not  limit  the  yield-strength 
of  the  material  as  previously  defined,  however,  existing  creep  data  for  acrylic 
does  not  contain  unloading  histones  and  permanent  set  records,  thus  render¬ 
ing  it  impossible  to  separate  the  effect  of  nonlinearity  from  yielding. 

Therefore,  it  v,/as  conservatively  assumed  that  all  curvature  was  due  to 
yielding  and  that  the  yield  strength  at  time  T ,  was  defined  as  the  0.2% 
offset  strain  intersect  of  the  isochronous  stress-strain  relation.  Following 
the  above  procedure  for  several  different  times  of  interest,  a  curve  can  be 
generated  as  in  c  of  Figure  C  1  which  establishes  the  yield-stress  versus 
load-time  relationship.  The  graph  of  this  relationship  for  acrylic,  displayed 
in  Figure  18,  was  derived  from  creep  data  obtained  from  three  sources  ’O.n.M 
For  some  loading  durations,  creep  data  were  nonexistent  for  Plexiglas  G, 
but  were  approximated  by  engineering  judgments  of  creep  data  on 
Plexiglas  l-A 


A  STRESS  SINGULARITY  AND  THE  ANALYTICAL  TOOL 
(FINITE  ELEMENT) 

In  modeling  the  viewport  by  the  finite  element  technique,  a 
preliminary  investigation  was  conducted  to  determine  an  adequate  number 
of  quadrilateral  elements  to  represent  the  system  It  can  be  shown  by 
variational  theorems  that  the  finite  element  solution  approaches  the  exact 
solution  as  the  number  of  elements  approach  infinity  Of  practical 
importance,  the  convergence  of  the  finite  element  model  can  be  determined 
by  comparing  stresses  obtained  from  a  coarse  mesh  with  those  obtained 
from  a  finer  mesh.  In  so  doing,  it  was  discovered  (hat  about  400  elements 
was  a  sufficient  number,  such  that,  further  increase  in  the  number  of  elements 
did  not  appreciably  alter  the  numerical  values  of  stresses  at  a  given  point. 

This  held  true  throughout  the  entire  cross  section  except  for  one  very  notable 
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point,  namely,  a  minute  region  in  the  neighborhood  of  the  low-pressure  face 
corner.  At  this  particular  location  all  stresses  were  becoming  exceedingly 
higher  as  the  number  of  elements  were  increased.  Further  subdivision  in 
this  corner  revealed  that  these  stresses  were  becoming  arbitrarily  high, 
suggesting  that  the  corner  point  stresses  would  approach  infinitely  high 
values  if  the  subdividing  process  continued.  In  witness  of  this  phenomenon. 
Figure  C-2  portrays  the  computed  effective  stress  as  a  surface  over  the  cross 
section  of  a  typical  viewport  in  which  the  corner  has  been  finely  subdivided. 
This  representation  readily  depicts  the  sin.gular  nature  of  this  stress  concen¬ 
tration  as  a  Dirac  spike,  it  was  hypothesized  that  this  spike  has  physical 
significance  and  that  it  is  not  simply  an  error  emanating  from  the  numerical 
technique  involved.  In  support  of  this  contention,  it  was  observed  that  all 
experimental  viewports  exhibited  a  minute  permanent  plastic  deformation 
at  this  corner  even  for  moderate  loads. 

Taking  the  cue  from  experimental  observations,  the  corner  of  the 
analytical  model  was  "rounded"  in  an  attempt  to  model  the  plastic  deform¬ 
ation  occurring  in  the  actual  viewport.  Furthermore,  care  vjas  taken  to 
determine  what  effect  various  amounts  of  "rounding"  had  on  the  resulting 
stresses.  It  was  discovered  that  the  percentage  of  area  removed  did  not  alter 
stress  values  significantly  providing  the  percentage  of  deformation  (percentage 
of  area  removed)  was  greater  than  about  0.02%.  Figure  C-3  illustrates  this 
relationship  where  it  is  seen  that  the  relative  maximum  effective  stress 
stabilizes  for  deformation  percentages  above  0.02%,  independent  of  the  mesh 
size.  In  view  of  this,  it  was  hypothesized  that  in  a  physical  case  the  viewport 
would  deform  approximately  0.02%  to  relieve  the  Dirac  spike  stress  concen¬ 
tration.  This  contention  was  supported  by  the  percentage  of  deformation 
measured  in  the  viewport  shown  in  Figure  4  of  this  report. 

In  summary,  the  philosophy  to  be  adopted  in  comparing  the 
analytical  and  experimental  results  is  that,  under  initial  loading,  the  actual 
viewport  will  undergo  minute  local  yielding  which  results  in  deformation  at 
the  low-pressure  face  corner,  to  relieve  itself  of  the  spiked  stress  concentra¬ 
tion.  This  results  in  a  "modified"  structure  which,  when  analyzed,  does  not 
display  the  Dirac  spike  stress  concentration,  but  rather  a  realistic  stress 
concentration  with  some  finite  value.  Thus,  from  the  analytical  standpoint, 
the  initial  yielding  problem  is  dismissed  by  beginning  the  analysis  with  the 
modified  structure  (deformed  corner).  Accordingly,  the  failure  definition 
applies  to  the  modified  structure  for  both  fixed  and  free  boundary  condition. 
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(a)  Creep  curves. 


(b)  Isochronous  curves. 


(c)  Yield  stress-time  curve. 


Figure  C-1.  Material  property  curves  tor  acrylic  plastic. 


t/d>=  0.75 
a  =  90° 
boundary  =  free 


r 


Figure  C-2.  Effective  stress  surface  plot  for  sharp  corner. 
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Figure  C-3.  Effective  stress  variation  at  low-pressure  face  corner. 
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LIST  OF  SYMBOLS 


Aq.  Aj 


Deformed  and  total  areas  of  viewports. 


in. 


2 


D 

d 

h 

P 

r 

S.F 

T 

T° 

t 

z 

a 

e 

0 


,02,03 


0 


o 


0 


y 


Diameter  of  high-pressure  face,  in. 

Diameter  of  low-pressure  face,  in. 

Elevation  of  viewport  in  flange,  in. 

Pressure  applied  to  viewport,  psi 
Radial  coordinate,  in. 

Safety  factor 
Tim.e,  indicated  units 

Temperature, 

Thickness  of  viewport,  in. 

Axial  coordinate,  in. 

Included  angle  of  conical  viewport,  degrees 
Axial  displacement  of  viewport,  in. 

Strain,  in./in. 

Tangential  coordinate,  degrees 
Principal  stresses  per  unit  of  applied  pressure,  psi/psi 
Effective  stress  per  unit  of  applied  pressure,  psi/psi 
Yield  stress,  psi 
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The  pjrpose  of  this  report  is  to  establish  a  rational  engineering  approach  for  the  design  of 
conical  acrylic  viewports.  To  achieve  this  goal,  a  time-dependent,  yield-failure  criterion  was  devel¬ 
oped  and  utilized  in  the  analysis  of  a  variety  of  viewport  configurations.  Specifically,  a  range  of 
thickness/minor  diameter  (t/d)  ratios  from  0.25  to  1.75  and  included  angles  from  60°  to  120° 
were  analyzed  by  the  finite  element  technique.  Using  the  viewport  structural  analysis  in  con¬ 
junction  with  the  yield-failure  criterion  for  acrylic,  time-dependent  operating  depths  were 
determined  as  a  function  of  viewport  configuration. 

Paralleling  the  above,  an  expeiimcntal  investigation  was  performed  to  validate  the  analytical 
results.  Six  full-scale  viewports  were  tested  for  a  year  under  simulated  operational  conditions  that 
included  simultaneous  cycling  of  pressure  and  temperature,  0  to  4,000  psi  and  70  to  35°F,  respec¬ 
tively. 

Comparison  of  analytical  and  experimental  results  indicated  excellent  agreement  for  the 
physical  location  of  viewport  failure  at  specified  loading  histories. 

Design  recommendations  are  presented  in  the  form  of  design  curves  which  enable  the  design 
of  a  conical  acrylic  viewport  for  a  specified  operating  pressure  and  duration  under  load.  To  com¬ 
plete  the  recommendations,  design  information  is  given  also  on  sealing  with  a  conventional  0-ring, 
as  well  as  guidelines  for  elevating  a  viewport  in  its  flange. 
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